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PREFACE
T h is  d i s s e r t a t i o n  h a s  its r o o t s  in p e r s o n a l  e x p e r i e n c e .  
P e r s o n a l  e x p e r i e n c e  is not a lw ay s  highly ra ted  in s c ie n c e ;  c a s u a l  
o b s e r v a t i o n s  m ay  lead  to m is ta k en  c o n c lu s io n s .  H ow ever ,  to fully 
u n d e r s t a n d  th e  c h o i c e  of p ro jec t ,  l i t e ra tu re ,  a n d  e x p e r i m e n t s  
p e rfo rm ed ,  o n e  n e e d s  to a p p re c ia te  t h e  e x p e r i e n c e s  I h a d  during a  
3 y e a r  r e s id e n c y  in th e r iogeno logy  (1989 -1 99 2 )  a n d  how they  led 
to a  q ues t ion  in c la ss ,  a  hypothes is ,  a n d  then  to a  Ph.D. program.
T h e r io g e n o lo g y  invo lves  t h e  v e te r in a ry  a s p e c t s  of an im al  
r e p r o d u c t i o n ,  i .e . ,  ferti lity,  o b s t e t r i c s  a n d  d i s e a s e s  of t h e  
rep ro d u c t iv e  s y s te m .  It in c lu des  all an im a ls ,  but  e sp e c ia l ly  d e a l s  
with a n im a l s  c l o s e s t  to m a n .  During th e  r e s id e n c y  m o s t  of my 
c o n ta c t  w a s  with ca t t le  a n d  h o rse s .  O v e r  t h o s e  3 y e a r s ,  bacterial  
infection of the  u te rus ,  a n d  its im pac t  on fertility, w a s  th e  m o s t  
f r e q u e n t  a n d  f rus t ra t ing  p rob lem  th a t  I e n c o u n t e r e d .  An in fec ted  
an im al  c a n n o t  b e c o m e  p reg n a n t ;  p r e g n a n c y  is e i the r  d e l a y e d  until 
th e  infection is r e s o lv e d ,  or  p r e v e n t e d  a l to g e th e r .  In c a t t l e  th is  
d i rec t ly  t r a n s l a t e s  to m a jo r  e c o m o m i c  l o s s e s  in b e e f  or  milk 
p ro d u c e d  e a c h  year .  In h o r se s ,  particularly T h o ro u g h b re d s ,  d e la y e d  
p r e g n a n c y  l e a d s  to la te-born  foals  be ing  a t  a  d i s a d v a n t a g e  w hen  
rac in g  a g a i n s t  o ld e r  c o m p e t i t o r s .  W o r s e  still, t h e  c o s t  of a  
v a lu a b le  b ree d in g  an im al  may  not b e  r ec o v e re d  if s h e  p r o d u c e s  no 
o f f sp r in g .  As  a  t h e r i o g e n o l o g y  r e s i d e n t ,  t h e r e f o r e ,  my m ain  
p u r p o s e  in life w a s  to m a k e  s u r e  a n im a l s  b e c a m e  p r e g n a n t ,
v
quickly. My main o b s t a c l e  in ach iev in g  th is  g o a t  w a s  uter ine  
infection. It w a s  particularly frustrat ing in h o r se s ,  w h e re  uterine  
infection is m o s t  com m only  m an i fe s te d  in a  d i s e a s e  known a s  
e q u in e  endom etr i t is .
W h e n  I s t a r t e d  th e  r e s id en c y  a n  e x te n s iv e  l i te ra ture  on 
e q u in e  endom etr i t is  a l ready  ex is ted  focusing on th e  ph ag o cy to s i s  
a n d  killing of invading bac te r ia  by uterine neutrophils .  T he  gram- 
p o s i t iv e  o r g a n i s m ,  Streptococcus zooepidem icus, is th e  
bac te r ium  m ost  commonly  isolated from e q u in e  u ter ine  infections. 
T h e  s t u d i e s  r e c o r d e d  in th e  l i te ra ture  h a d  f o c u s s e d  on th e  
p h a g o c y t o s i s  of th is  o rg a n i s m  by u te r in e  neu troph i ls .  I n d ee d ,  
p h a g o c y t o s i s  of invading o r g a n i s m s  w a s  c o n s i d e r e d  to be  the  
major  line of u ter ine  d e f e n s e  in the  ho rse .  However,  r e s e a r c h e r s  
w e r e  not fully sa t is f ied  with all th e  d a t a  o b ta in ed .  C o m par in g  
h o r s e s  th a t  w e r e  re s i s t a n t  a n d  su s c e p t ib le  to infection did not 
p ro v e  suscept ib i l i ty  to infection w a s  d u e  to d e f e c t s  in u te r ine  
p h a g o c y to s i s ;  u ter ine  infections w ere  still a  problem, espec ia l ly  
in older h o rse s .
Also a t  this t ime ( Jan ua ry  1990), Dr. William J.  Todd w a s  
lecturing in a  c la s s  on Pa th o gen ic  M echan ism s  of Bacter ia. During 
a  lecture he  drew a  picture of the  hum an pa tho g en  Streptococcus  
pyo gen es , cove red  with a su r face  of what  he  d e sc r ibed  a s  “fluff" 
know n a s  M prote in .  T he  im p o r ta n c e  of M p ro te in  w a s  th a t  
o r g a n i s m s  carry ing  it r e s i s te d  p h a g o c y to s i s  by n eu tro p h i ls  a n d  
thereby  e v a d e d  host  d e fen se s .  At the  e n d  of the  c lass ,  I a s k e d  if S
v i
zo o e p id e m ic u s  a lso  carr ied M protein.  Dr. Todd, a s  I recollect,  
c o n f e s s e d  th a t  he  h ad  n e v e r  h e a rd  of S zooepidem icus  a n d  
referred  th e  q ues t io n  to Dr. Hollis Cox. Dr. Cox e x p la in ed  that  
a l though  S zooepidemicus w a s  virtually ubiquitous a s  a  com m on 
c o m m e n s a l  of th e  resp i ra to ry  a n d  rep ro du c t ive  t rac ts ,  h e  w a s  
u n a w a r e  of any s tu d ie s  to s u g g e s t  tha t  it ca rr ied  M protein, but
felt that  it probably  h ad  not b e e n  looked into. This w a s  in con tras t
to Streptococcus equi, which w a s  well known a s  an  important  
equ in e  pa thogen ,  a n d  which did carry an  "M protein."
Dr. Todd  s u g g e s t e d  tha t  he  cou ld  ob ta in  anti M-protein
m o n o c l o n a l  a n t i b o d i e s  f rom  Dr. V in c e n t  F i s c h e t t i  of t h e  
Rockefe l ler  University. With Dr. P a c cam o n t i ,  my clinical mentor ,  
w e  p ro p o se d  to collect clinical iso la tes  of $  zooepidemicus, and  
te s t  them  for the  p r e s e n c e  of M protein.  With th e  a s s i s t a n c e  of 
Langs ton  Hull, then  a  high school  honors  s tudent,  we  ob ta ined  the  
following r e s u l t s  u s in g  F i s c h e t t i ’s  m o n o c l o n a l ' s  a g a i n s t  o u r  
e q u in e  uterine s t rep tococca l  iso la tes .  Of 11 iso la tes  t e s te d ,  2 had  
b o u n d  t h e  m onoc lona l .  To t h e  q u e s t io n  "D oes  S tre p to c o c c u s  
zooepidemicus have  an  M protein?" the  an sw er  had  com e  back "Yes 
a nd  No."
I now  e n t e r e d  a  Ph .D .  p ro g ra m  in th e  D e p a r tm e n t  of 
V e t e r i n a r y  M ic ro b io lo g y  a n d  P a r a s i t o l o g y  a n d  n e e d e d  a  
d isse r ta t ion  topic. I w an ted  to quickly e n d  the M protein quest ion ,  
a n d  m o v e  on to  a  full-time Ph.D . project .  The  q u ick e s t  way to 
a c h i e v e  th is ,  I t h o u g h t ,  w a s  to a s k  t h e  q u e s t i o n  " D o e s
vi i
Streptococus zooepidem icus  res is t  p h a g o c y to s i s ? ” If so ,  I could 
be l ieve  the  m onoclonal  results ,  if not  I could  d ism iss  the  resu l ts  
a s  spur ious  c ro s s  react ions. Growth of the  organ ism  in f resh  blood 
w a s  the  c la s s ic  d e m o n s t ra t io n  of an t iphagocy t ic  p rop e r t ie s  of S 
p y o g e n e s  a n d  could b e  perform ed quickly a n d  easily. I t e s te d  3 
i so la te s ,  a n d  o n e  of the  i so la te s  which h ad  b o u n d  F ische t t i ' s  
m onoclonal  g rew rapidly in fresh h o r se  blood. After much doubt, 
a n d  exploring worthy pro jec ts  in o th e r  labora tor ies ,  th e  “quick M 
protein p ro jec t” which I had  b e e n  push ing  a s id e  b e c a m e  a  Ph.D. 
project  with Dr. Todd a s  my major professor .
Y ears  later I h a v e  not reg re t ted  th e  decis ion .  To d o c u m e n t  
th e  an t iphagocy t ic  n a tu re  of S zooepidemicus , s tudy  its role in 
e q u in e  u ter ine  infections,  a n d  d e m o n s t r a t e  a n  M protein on  the 
su r face  of the  o rgan ism  h a s  b e e n  a  rewarding a n d  is a  continuing 
c h a l le n g e .  It h a s  g iven  m e  a  pro jec t  directly app l icab le  to my 
clinical d isc ip l ine  a n d  I h a v e  h a d  th e  luck to h u m a n e ly  t e s t  
l ab o ra to ry  f indings  in th e  live an im al .  It h a s  r e v e a l e d  th e  
u n e x p e c t e d  t r e a s u r e  of a  l iterature which s t r e t c h e s  b a c k  more  
t h a n  a  h u n d r e d  y e a r s ,  in troducing m e  to th e  n a m e s  of Oliver 
Wendell  Holmes,  Ignatz S em m elw eiss ,  a n d  R e b e c c a  Lancefield. It 
h a s  allowed m e  to m ee t  and ,  in a  small way, co l labora te  with such  
p ro m in en t  c o n te m p o r a r y  r e s e a r c h e r s  a s  J o h n  T imoney,  Vincent  
Fischetti  a n d  S u s a n  Hollinghead. It h a s  taken  m e  to conc lu s io ns  
tha t  I simply had  not anticipated. It h a s  b e en ,  in short ,  everything 
I believe a  Ph.D. project should be.
T he  body of the  text is in the  journal style  of the  American 
Veter inary  Medical Assoc ia t ion ,  with a  few e x c e p t io n s ,  su c h  a s  
the  re fe ren c e  c i tat ions which a re  by author .  I h o p e  that  c h a p te r s  
of th is  d i s s e r ta t io n ,  p u b l i sh ed  in th e  v e te r in a ry  l i te ra ture ,  will 
p r o v e  to h a v e  b e e n  s t e p s  in t h e  right d i r e c t io n  t o w a r d s  









Antiphagocytic  p rop e r t i e s  of Streptococcus zooepidemicus  a n d  
m e c h a n i s m s  of killing in freshly ob ta ined  blood of h o r s e .....................69
CHAPTER 3.
P h ag o cy t ic  killing of Streptococcus zooepidemicus  by 
neutrophils in fresh equine  blood...............................................................................94
CHAPTER 4.
Killing ability of pe r iphe ra l  b lood d o e s  not  d e te rm in e  
r e s i s t a n c e  to Streptococcus zooepidemicus  infection of the  
equine endometrium...................................................................................................... 109
CHAPTER 5.











The ability of uterine isola tes  of Streptococcus zooepidem icus  to 
r e s i s t  p h a g o c y t o s i s  w a s  e x p lo re d  by th e  o r g a n i s m ’s  ability to 
grow in equ ine  f resh  blood. Although i so la tes  g rew in f resh  blood 
from m an y  h o r s e s ,  any  g iven  iso la te  w a s  killed by b lood from 
cer ta in  h o r s e s .  Killing required  leukocy tes ,  h e a t  labile a n d  h e a t  
s tab le  c o m p o n e n ts  of p la sm a  a n d  a p p e a r e d  to follow phagocy tos is  
of the  o rgan ism  by neutrophils .  This led to the  working hypothes is  
tha t  killing w a s  m ed ia te d  by p h a g o c y to s i s  requiring c o m p le m e n t  
a n d  i s o l a t e - s p e c i f i c  a n t ib o d y  to v a r i a b le  s u r f a c e  a n t i g e n s .  
Variation in killing b e tw e e n  h o r s e s  w a s  a t t r ibuted  to d i f fe rences  
in c i r c u la t in g  i s o l a t e - s p e c i f i c  a n t ib o d y .  T h is  is a  s i tu a t io n  
a n a l o g o u s  to r e q u i r e m e n t s  for p h a g o c y t o s i s  of t h e  h u m a n  
p a th o g e n ic  M protein-posi t ive  g ro u p  A s t rep tococc i ,  a n d  su p p o r t s  
exis ting e v id e n c e  tha t  uterine i so la tes  of S zooepidem icus  a lso  
c a r r y  M p ro te in .  H o w e v e r ,  in c o n t r a s t  to h u m a n  s y s t e m ic  
in fec t ions  with th e  g ro u p  A s t rep to co cc i ,  killing ability in f resh  
b l o o d  w a s  no t  c lo s e l y  r e l a t e d  to r e s i s t a n c e  to  e q u i n e  
endom etr i t is .  H o rs e s  in w h o s e  blood a  given isolate  g re w  w e re  
a b le  to e l im ina te  in t rau te r ine  inocula  of th a t  iso la te .  Similarly, 
h o r s e s  in w h o s e  blood the  isolate  w a s  killed w e re  not n ecessa r i ly  
r e s i s t a n t  to in t rau te r ine  inoculat ion.  O th e r  s o u r c e s  of varia t ion 
b e tw e e n  h o r s e s  a n d  b e tw e e n  i so la tes  a p p e a r e d  to be  the  major  
d e te rm in a n ts  of d i s e a s e .  It w a s  con c lu d ed  that  o ther  m e c h a n i s m s
of r e s i s t a n c e ,  in addit ion to p h a g o cy to s i s ,  w e re  r e s p o n s ib le  for 
c l e a r a n c e  of s t rep tococc i  from the  u te rus .  Phys ica l  c l e a r a n c e  of 
c a rb o n  p o w d e r  from the  e q u in e  u te ru s  w a s  e n h a n c e d  in h o r se s  
which d isp layed  m u c u s  production a t  th e  endom etr ia l  su r face .  In 
addit ion, m u c u s  a p p e a r e d  to block the  binding of c a rb o n  to the  
endom etr ia l  su r face .  S ince  the  e q u in e  e nd o m etr iu m  is ciliated, it 
w a s  s u g g e s t e d  tha t  mucociliary c l e a r a n c e  may a lso  contr ibu te  to 
removal of s t rep tococc i  from the  equ ine  uterus .
INTRODUCTION
E q u i n e  e n d o m e t r i t i s ,  i n f l a m m a t i o n  of t h e  e q u i n e  
endom etr ium ,  is a  major c a u s e  of infertility in h o r se s .  T h e  m o s t  
c o m m o n  c a u s e  of this d i s e a s e  is bacter ia l  infection of the  uterus, 
which w a s  d e sc r ib e d  in the  veter inary  l iterature a lm o s t  70 y e a r s  
a go .  E s t im a te s  h a v e  s u g g e s t e d  the  condit ion  l e a d s  to h e av y  
e con o m ic  l o s s e s  to h o rse  b r e e d e r s  a n d  h o rse  exporting countries .  
C onsequen t ly ,  m uch  effort h a s  b e en  sp e n t  to p reven t  or  cure  the  
condit ion in afflicted h o rse s .
O u r  c u r r e n t  k n o w le d g e  of t h e  p a t h o g e n e s i s  of e q u in e  
endom etr i t is  s u g g e s t s  tha t  the  m are  herse l f  is t h e  c a u s e  of the  
infection. O r g a n i s m s  th a t  c a u s e  e q u in e  endom etr i t is  a r e  usually  
h a r m l e s s  c o m m e n s a l s  of th e  cervix a n d  vag ina ;  S trep to co ccu s  
zooepidem icus  is th e  o rg a n i s m  m o s t  co m m o n ly  i s o a te d  from 
infected m a re s .  T h e s e  bac te r ia  a re  frequently  in troduced into the  
u te ru s  a s  par t  of the  normal  reproduc t ive  cyc le  of t h e  m are ,  
usually a t  foaling a n d  breeding.  In normal h o r s e s  they a re  quickly 
e l im in a te d  from th e  u te ru s  by th e  h o r s e ' s  na tu ra l  d e f e n s e s .  
However ,  in cer ta in  h o r s e s  t h e s e  d e f e n s e s  fail a n d  p ro longed  or 
p e r i s te n t  infection of the  u te ru s  follows, leading  to infertility a s  
long a s  in f lam m ation  p e r s i s t s .  T h e s e  so  c a l l e d  " s u s c e p t ib le  
m a r e s ” t e n d  to  b e  o l d e r  a n i m a l s ,  f r e q u e n t ly  with p o o r  
conform ation  of th e  pe r ineum  (a n u s  a n d  vulva), a n d  large uteri
1
2
which t e n d  to a c c u m u l a t e  fluid. T h e  in fec ted  m a re  usual ly  s h o w s  
no s ign of sy s te m ic  illness.
B e c a u s e  b a c te r i a l  inocu la t ion  into t h e  u t e r u s  l e a d s  to 
i n t e n s e  in f i l t ra t ion  of n e u t r o p h i l s  in to  t h e  u t e r i n e  l u m e n ,  
p h a g o c y t o s i s  of b a c t e r i a  h a s  a l so  b e e n  th o u g h t  to play a  major  
ro le  in u t e r in e  d e f e n s e s .  D e f ic i e n c ie s  in t h e  p h a g o c y t o s i s  of 
b a c te r ia  h a v e  b e e n  p r o p o s e d  to explain  the  underlying w e a k n e s s  of 
t h e  s u s c e p t i b l e  m a r e .  C o n s e q u e n t l y  th e  p h a g o c y t o s i s  of S 
z o o e p id e m ic u s  by e q u i n e  n e u t ro p h i l s  h a s  b e e n  a n  in te nse ly  
r e s e a r c h e d  a re a .  At tempts  hav e  b e e n  m a d e ,  with mixed s u c c e s s ,  to 
e n h a n c e  th e  o p s o n i c  p r o p e r t i e s  of u te r ine  fluid by infusion of 
e q u in e  p l a s m a  into th e  u te ru s .  H ow ever ,  it is still not c l e a r  if 
fa i lure  of p h a g o c y t o s i s  u n d e r l i e s  suscep t ib i l i ty  to en d om etr i t i s .
P h a g o c y to s is  of th e  h u m an  p a th o g e n  Streptococcus pyogenes 
h a s  a l so  b e e n  th e  su b je c t  of i n te n se  m edica l  r e s e a r c h  for m any  
y e a rs .  Streptococcus pyogenes  ca r r ies  a  fibrillar s u r f a c e  protein,  
k now n a s  M protein ,  which c o n fe r s  r e s i s t a n c e  to p h a g o c y to s i s .  
T he  protein is highly variable ,  a n d  w a s  originally u s e d  a s  th e  b as i s  
for se ro typ ing  th e  m any  different s t ra ins  of S pyogenes. To da te ,  
m o r e  t h a n  8 0  s e r o t y p e s  e x i s t .  An i m p o r t a n t  f e a t u r e  of 
s t r e p to c o cc i  which ca r ry  M prote in  (M+ s t rep tococc i )  is th a t  they  
c a n  only b e  p h a g o c y t iz e d  in the  p r e s e n c e  of an t ibody  specif ic  for 
th e  v a r iab le  region of the  protein.  Antibody which is specif ic  for 
o n e  s e ro ty p e  is only phagocy t ic  for tha t  s e ro type .
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Limited e v id e n c e  ex is ts  to s u g g e s t  tha t  S zooepidem icus  
a lso  c a r r i e s  a n  M-like p ro te in .  This  e v i d e n c e  c o m e s  from 
an tigen ic  a n d  g en e t ic  s tud ies ,  and  clinical similarities in d i s e a s e s  
c a u s e d  in man by S pyogenes a n d  $  zooepidemicus. However, it is 
not c le a r  if th e  M-like protein of S zooepidem icus  is a  true  
functional  homolog of the  M protein of S pyogenes, nor  h a v e  
a n t i p h a g o c y t i c  p r o p e r t i e s  of e q u i n e  u te r in e  i s o l a t e s  of S 
zooepidemicus b e e n  docum ented .  It would therefore  inc rease  our 
k n o w led ge  of e q u in e  endom etr i t is  to know the  a n s w e r s  to the  
following q u e s t io n s :
(1) A re  u t e r i n e  i s o l a t e s  of S z o o e p i d e m i c u s  
a n t i p h a g o c y t i c ?
(2)  Do th e s e  isolates carry an  M protein hom ologous  to the  
M protein of S pyogenes ?
(3)  W hat  role, if any,  do ant iphagocyt ic  p roper t ies  play in 
u te r in e  in fec t ion?
This  d i s s e r t a t io n  a im s  to i n c r e a s e  our  u n d e r s t a n d in g  of 
e q u in e  endometr i t is  by ad d re s s in g  t h e s e  ques t ion s .  T h e  literature 
review f o c u s e s  on e q u in e  endometr i t is ,  s t r ep to co cca l  M protein,  
a nd  the  existing ev idence  for an M protein on S zooepidemicus. The 
e x p e r im en ta l  work is p r e s e n te d  in c h a p t e r s  written a s  scientific 
p a p e r s  for publicat ion in the  veterinary literature. The conclusion  
ind ica tes  further  work which may provide  va luab le  resu l ts  in the  
f u t u r e .
CHAPTER 1 
LITERATURE REVIEW
Two l in e s  of i n d e p e n d e n t  s c ie n t i f i c  inquiry  will b e  
d e s c r i b e d ,  n a m e ly  e q u in e  e n d o m e t r i t i s  a n d  s t r e p to c o c c a l  M 
protein. Most of our  knowledge  of equ ine  endometr i t is  c o m e s  from 
s t u d i e s  by v e t e r in a r y  c l in ic ians .  S t r e p t o c o c c a l  M p ro te in ,  
h o w e v e r ,  h a s  b e e n  t h e  c o n c e r n  of h u m a n  b a c t e r i o l o g i s t s .  
R e s e a r c h e r s  in th e  two fields have  occasional ly  c r o s s e d  pa ths ,  but 
mostly they  h a v e  rem ained  s e p a r a t e .  This review, will su m m a r iz e  
cu r ren t  k now ledge  in e a c h  field, a n d  th en  exp lo re  the  possibility 
that  Streptococcus zooepidemicus, th e  m os t  c o m m o n  b a c te r iu m  
iso la ted  from e q u in e  endom etr i t i s ,  a l so  c a r r i e s  s t r e p to c o c c a l  M 
p ro te in .
1.1. PATHOPHYSIOLOGY OF EQUINE ENDOMETRITIS
B e c a u s e  of th e  im p or tan ce  of h o r se -b re e d in g  in ve te r inary  
medic ine ,  th e  literature on e q u in e  endometr i t is  is ex tens ive .  This, 
h o w e v e r ,  is in c o n t r a s t  to o u r  u n d e r s t a n d in g  of th e  d i s e a s e .  
C lass ic  s tu d ie s  of the  1 92 0 ’s  by Dimock, E dw ards  provided a  solid 
b a s i s  of u n d e rs ta n d in g ,  bu t  more  r e c e n t  r e s e a r c h e r s  h a v e  often 
b e e n  f rus t ra ted .  R ecogn iz ing  tha t  this is a  com plex  l iterature, it 
is worth em phas iz ing  the  e ssen t ia l  points  in a d v a n c e .  .
Much infertility in m a r e s  is d u e  to u ter ine  infection by S 
zooepidemicus, a  normal inhabitant  of the  equ ine  vestibule, vulva 
a n d  clitoris. T he  infertility is d u e  to em bryon ic  d e a th  c a u s e d  by 
inflammation of the  end om etr ium .  In addition,  h o r s e s  su sce p t ib le
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to e n d o m etr i t i s  f requent ly  h a v e  d a m a g e d  e n d o m e t r i a .  Although the  
e n d o m e t r iu m  is a  m u c o s a l  im m un e  su r fa ce ,  it u n d e r g o e s  a  typical 
a c u t e  in f lam m ato ry  reac t ion  w h e n  irr itated, c h a r a c t e r i z e d  by a n  
inflow of n e u t r o p h i l s  a n d  s e r u m  p r o t e in s .  H o w e v e r ,  fa i lu re  of 
n e u t ro p h i l  m ig ra t io n ,  c h e m o t a x i s ,  p h a g o c y t o s i s ,  o r  d i m i n i s h e d  
o p s o n i c  ac t iv i ty  of u t e r i n e  fluid d o  n o t  a p p e a r  to u n d e r l i e  
suscep t ib i l i ty  to e q u i n e  e n d o m e tr i t i s .  A ccu m ula t io n  of fluid, a n d  
f a i lu r e  to m e c h a n i c a l l y  e v a c u a t e  t h e  u t e r u s  a r e  c u r r e n t ly  
c o n s i d e r e d  t h e  p r im a ry  d e f e c t s  of s u s c e p t i b l e  m a r e s .  Fluid 
a c c u m u la t io n  m ay  p r o m o te  u te r ine  in fec t ions  by  c a u s i n g  a  p o o r  
u te r ine  e n v i r o n m e n t  for p h a g o c y to s i s .
1.1.1 HISTORY, INCIDENCE AND ORGANISMS. Early scientific 
d e s c r ip t io n  of e n d o m e t r i t i s  is r e m a r k a b l e  for its a c c u r a c y  a n d  
t h o r o u g h n e s s .  It d e f in e s  th e  e x te n t  of th e  p rob lem  in th e  h o r se  
p op u la t io n ,  ident if ies  c a u s a t i v e  a g e n t s  of d i s e a s e ,  d e s c r i b e s  th e  
l e s io n s ,  a n d  e x p la in s  th e  o p p o r tu n is t i c  n a t u r e  of t h e  infection. 
S u b s e q u e n t  s u r v e y s  largely confirm this  ear ly  work.
In 1928  Dimock a n d  E d w a r d s  p u b l i sh ed  a  6  y e a r  su rv e y  of 
a p p ro x im a te ly  4 0 0 0  m a r e s  from c en t ra l  K en tucky  b r e e d in g  fa rm s  
(Dimock a n d  E d w a rd s  1928). Of t h e s e  m a r e s  1,606, app rox im ate ly  
4 0 % ,  w e re  not  p re g n a n t  a t  the  e n d  of a t  l ea s t  o n e  b ree d in g  s e a s o n  
( b a r r e n ) .  By u t e r i n e  c u l t u r e ,  u s i n g  s t e r i l e  t e c h n i q u e ,  t h e y  
su b d iv id ed  the  b a r re n  m a r e s  into non- in fec ted  a n d  in fec ted  g ro u p s .  
In fec ted  h o r s e s  a c c o u n t e d  for 3 6 .5 %  of all t h e  b a r r e n  m a r e s .  
D e ta i le d  b a c te r io lo g ic a l  a n d  p a th o lo g ic a l  e x a m i n a t i o n s  of t h e s e
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in fe c te d  m a r e s  led  to a  c o n c e p t u a l  f r a m e w o r k  of e q u in e  
endom etr i t is  which h a s  su rv ived  essen t ia l ly  intact  for a lm o s t  70 
y e a r s .
B ac te r io log ica l  e x a m in a t io n  r e v e a l e d  t h a t  two o r g a n i s m s  
a c c o u n t e d  for m o r e  t h a n  7 5 %  of all i n f e c t io n s ,  n a m e ly  
Streptococcus genitalium  a t  66%, a n d  the  e n c a p s u la t e d  coliform 
Encapsulatus genitalium  at  10% (Dimock and  E d w ard s  1928). The 
r e m a i n d e r  of t h e  i n f e c t i o n s  w e r e  d u e  to “m i s c e l l a n e o u s  
o rgan ism s ."  Although neither  o n e  of th e  foregoing n a m e s  c a n  be 
found  in m o d e rn  bac te r io log ica l  tex ts ,  a  th o ro u g h  b iochem ica l  
descr ip t ion  of the  o rg a n i s m s  allows u s  to identify S trep tococcu s  
gen ita lium  a s  Streptococcus equi s u b s p .  zo o ep id em icu s  
com m only  referred  to a s  Streptococcus zooepidem icus  ( F a r r o w  
a n d  Collins 1984; Rotta  1984), and  Encapsulatus genitalium  a s  an 
unusua l iy  h o m o g e n e o u s  collection of i so la te s  p robably  be longing  
to Klebsiella pneumoniae subsp .  pneum oniae  (Brenner  1984).
The pathological  picture of infection by e i ther  o rg an ism  w a s  
e s se n t ia l ly  t h e  s a m e  (Dimock a n d  E d w a rd s  1928).  Clinically, a 
m u co p u ru len t  d i s c h a r g e  w a s  frequent ly  d e te c t a b l e  a t  th e  vulval 
lips or  on  vag ina l  s p e c u lu m  e x a m in a t io n .  If th e  u te r in e  wall 
r e m a in e d  c o n t r a c t e d  th e  e x u d a t e  w a s  eas i ly  e x p e l le d ,  but  if 
flaccid, e x u d a te  t e n d e d  to a c c u m u a te  in the  u terus .  H o r s e s  with 
pe r in ea l  injuries incurred  a t  parturi tion w ere  m ore  likely to be  
i n f e c te d .  G r o s s  p a t h o l o g i c a l  l e s i o n s  i n c l u d e d  s u p p u r a t i v e  
e n d o m e t r i t i s ,  metr i t is ,  p y o m e t r a  ( d u e  to ce rv ica l  a d h e s i o n s )
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cervici tis  a n d  vaginitis.  Salpingit is  (inflammation of th e  oviduct) 
w a s  rare but  usually d u e  to a sc e n d in g  infection. T he  endom etr ium  
w a s  f requen t ly  h e m o r rh a g ic .  Chronically ,  th e  e n d o m e tr ia l  folds 
w o u ld  d i s a p p e a r ,  a n d  th e  m u c o s a l  e p i th e l iu m  r e p l a c e d  by 
c ic a t r i c i a l  t i s s u e  ( c i r c u m f e r e n t i a l  s c a r  t i s s u e ) .  H i s to lo g ic  
s e c t io n s  revea led  epithelial s loughing,  d e g e n e ra t io n  of th e  uterine 
g l a n d s  a n d  their r e p l a c e m e n t  by co nn ec t iv e  t i s su e .  R ound  cell 
( m o n o n u c le a r )  infiltration e x t e n d e d  th ro u g h o u t  th e  e n d o m e t r iu m  
a n d  s o m e t i m e s  into the  m u sc u la r  c o a t s .  Fibrotic c h a n g e s  could  
a l so  e x te n d  from e n d o m e tr iu m  to m yometr ium , with b u n d le s  of 
u te r ine  wall m u sc u la tu re  r e p la c e d  by c o n n e c t iv e  t i s su e .  T he  
s e ro s a l  s u r f a c e  of th e  uterus ,  however ,  w a s  unaffected .  Although 
a  d e f in i t ive  d i a g n o s i s  r e q u i r e d  i so la t ion  of t h e  o r g a n i s m ,  
infection with K pneum oniae  w a s  m arked  by a  thicker a n d  m ore  
t e n a c io u s  e x u d a te .
It w a s  a l s o  d e m o n s t r a t e d  tha t  S zooepidemicus  w a s  a  
n o rm a l  c o m m e n s a l  of th e  v e s t ib u le  a n d  v a g in a ,  f r eq u e n t ly  
mult iplying in th e  u t e r u s  following a  no rm al  pa r tu r i t ion  but  
u sua l ly  c l e a r e d  by  th e  foal  h e a t  (9 d a y s  p o st p a rtu m ) . 
S trep to co ccu s  zo o e p id em ic u s  w a s  show n to s h a r e  cu l ture  
c h a r a c t e r i s t i c s  with S  pyogenes, a n d  to be  highly virulent for 
rabbits .  Infection of th e  u terus  with S zooepidemicus  p re d i s p o se d  
an im als  to infection with K pneumoniae. Stall ions could t ransmit  
K pneumoniae from o n e  m are  to ano ther .  In later repor ts  Dimock 
p o in te d  o u t  th e  p o s s i b l e  c o n n e c t i o n  b e t w e e n  s t r e p t o c o c c a l
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infection of the  m a re  a n d  neo n a ta l  s e p t ic e m ia  in foa ls  {Dimock 
1935; Dimock, Edwards  and  Bruner 1947).
Dimock thus  reco gn ized  the  essen t ia l ly  oppor tun is t ic  na tu re  
of s t r e p t o c o c c a l  u t e r in e  in fec t ion :  all  m a r e s  h a r b o r e d  th e  
organ ism; it g a in e d  en t ra n ce  to the  u te rus  a t  foaling a n d  breeding;  
it w a s  usual ly  c l e a r e d  by natural  d e f e n s e s ;  failure to c le a r  the  
o r g a n i s m  led to e n d o m e t r i t i s  (D im ock  1 9 3 5 ) .  H o w e v e r ,  he  
evidently  did not explore  why o n e  m a re  might fail, a n d  a n o th e r  
s u c c e e d ,  in clearing s t rep tococc i  from the  uterus.
Dimock a n d  E d w a rd s '  e s t im a t e  of th e  overa l l  im pact  of 
u te r in e  infection on e q u in e  fertility rem a in  a c c u r a t e  in m any  
p a r t s  of the  world. The p e r c e n t a g e  of barren  m a r e s  in the  brood 
m a r e  popula t ion  h a s  b e e n  su b s e q u e n t ly  e s t im a te d  from 3 0%  to 
50% , w h e r e a s  for wild pon ies  it h a s  b e e n  e s t im a te d  a t  only 5% 
(Bain 1966; Collins 1964; Day 1939; Laing a n d  Leech  1975; Millar 
a n d  F ranc is  1974; Sullivan et  al. 1975). T h u s  the  d o m e s t i c a t e d  
m a r e  a p p e a r s  to h a v e  dramatical ly  lowered  fertility c o m p a r e d  to 
her  wild c o u n te rp a r t  (Day 1939). S uch  reproduct ive  w a s t a g e  h a s  
e n o r m o u s  e c o n o m i c  im p a c t ,  e s p e c i a l l y  in h o r s e  e x p o r t in g  
c o u n t r i e s  (Elliot, C a l lag han  a n d  Smith  1971).  R e c e n t  e v id e n c e ,  
h ow ever ,  s u g g e s t s  tha t  fertility in T h o r o u g h b re d s  in th e  United 
Kingdom a n d  Ireland h a s  improved by 13% from 1970 to 1990, a n d  
th e  proport ion of ba r ren  m a r e s  h a s  a lm os t  ha lved  (Ricketts  a n d  
Y oung 1990) . Uterine infection m ay  a c c o u n t  for 2 4 %  to 60 %  of 
b a r re n  m a r e s  (Bain 1966; Brooksby e t  al. 1965). S trep to co ccu s
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zooepidem icus  is c o n s i s t e n t ly  t h e  m o s t  c o m m o n ly  i so la ted  
o rg an ism  from th e  u te ru s  of m a r e s  a cco un t in g  for approxim ate ly  
5 0 %  of all posit ive cul tures .  Escherichia coli is th e  nex t  most  
c o m m o n  a t  approximate ly  15% followed by K pneumoniae and  
Pseudom onas aeruginosa  , e a c h  at  l e s s  th an  10% (Bain 1966; 
Brooksby e t  al. 1965; Elliot, C al laghan  an d  Smith 1971; Shin e t  al. 
1 9 7 9 ) .
B a c te r ia l  in fec t ion  of t h e  u t e r u s  is c le a r ly  l inked to 
infertility, a n d  particularly to infection with S zooepidem icus. In 
uterine cu l tu res  of m a r e s  cu ltured  prior to breeding ,  b a r ren  m are s  
y ie ld ed  m o re  pos i t ive  c u l tu r e s  th a n  foal ing o r  m a id e n  m a r e s  
(B roo k sby  e t  al. 1965) .  T h e  s u b s e q u e n t  fertility r e p o r t e d  for 
n o n i n f e c t e d  m a r e s  w a s  g r e a t ly  s u p e r i o r  to th e  fertility of 
p rev io u s ly  in fec ted  m a r e s  (Elliot, C a l l a g h a n  a n d  Sm ith  1971;  
Millar a n d  F ra n c i s  1974).  P re v io u s  infection with s t r e p to c o cc i  
w a s  part icularly  s t rong ly  a s s o c i a t e d  with s u b s e q u e n t  infertility; 
only  3 4 %  of m a r e s  in fec te d  with s t r e p to c o c c i  s u b s e q u e n t l y  
p ro d u c e d  a  live foal accord ing  to o n e  e s t im a te  (Elliot, C a l l a g h a n  
a n d  Smith  1971).  In addit ion, p rev ious  sca r r ing  of v a g in a  a n d  
cerv ix ,  in c u r r e d  d u r in g  p a r tu r i t ion ,  p r e d i s p o s e d  a n i m a l s  to 
s t rep to co cca l  infection (Elliot, C a l laghan  and  Smith 1971).
D im o c k ' s  c o n t e n t i o n  t h a t  S zooepidem icus  w a s  a  
c o m m e n s a l  of the  vulva a n d  vest ibule  normally ex c lu d ed  from the  
u te rus  h a s  b e en  confirmed by s u b s e q u e n t  r e sea rch .  Normal m a re s  
h a rbo r  potential  uter ine p a th o g e n s ,  including S zooepidemicus , in
th e  v e s t ib u le ,  vulva, a n d  e sp e c ia l ly  clitoris.  T h e s e  s i t e s  may 
provide a  so u rc e  of o rg a n i s m s  tha t  e n te r  the  u te ru s  especia l ly  a t  
foaling,  b re e d in g  or during v e te r ina ry  p r o c e d u r e s .  T h e  an te r io r  
vag ina ,  however ,  is e ssen t ia l ly  sterile  in the  normal  m are ,  a s  is 
th e  u terus .  How ever  a  few co lon ies  of n o n p a th o g e n ic  o rg a n i s m s  
m ay  b e  isolated from uterine  cu l tu res  of normal  m a r e s  (Hinrichs 
e t  al. 1989). Anaerobic  bacter ia ,  such  a s  Bacteroide$ fragilis, a l s o  
inhabit  the  ex te rn a l  genital  s u r f a c e s  of m a r e s ,  a n d  may c a u s e  
e n d o m e tr i t i s  (Ricketts  a n d  M ackin tosh  1987). B e c a u s e  of the  
possibil ity  of culturing c o n ta m in a n ts ,  d iag n o s t ic  va lue  of u te r ine  
c u l tu re  is im p ro v e d  by c o n c u r r e n t  u s e  of u te r in e  cy to logy  
(Wingfield-Digby a n d  Ricketts  1982).
An important  a r e a  w h e re  Dimock is con trad ic ted  today  is his 
u s e  of l a n g u a g e .  Dimock u s e d  th e  term “sterility” to d e s c r i b e  
reproduct ive  failure in h o rse s .  Today, however ,  sterility is a  term 
r e s e r v e d  for t h o s e  an im a ls  which a re  p e rm an en t ly  in c a p a b le  of 
rep roduc t ion .  B e c a u s e  b a r r e n  m a r e s  m ay  s u b s e q u e n t ly  b e c o m e  
p reg n a n t ,  th e  term “subfer t i le” is p re fe r red  to d e sc r ib e  d e c r e a s e d  
r e p r o d u c t iv e  eff ic iency  of t h e s e  m a r e s .  T h o s e  m a r e s  w h o s e  
subfertility resu l ts  from a  pred ispos i t ion  to bacter ia l  infection of 
t h e  u t e r u s  a r e  t e r m e d  “s u s c e p t i b l e ” m a r e s ;  t h o s e  who rapidly 
c le a r  bac te r ia  from the  u te ru s  a re  t e rm ed  “re s i s tan t .”
1 .1 .2 .  EMBRYONIC DEATH. T he  r e p ro d u c t iv e  fa i lure  of 
subfer t i le  m a r e s  is d u e ,  m o s t  often,  to d e a th  of th e  deve lop ing  
e m b ry o  within 14 d a y s  of co ncep t ion .  Embryonic  d e a th  m ay  b e
c a u s e d  by primary de fe c t s  in th e  embryo,  and  poor  environm ent  in 
th e  oviduct or u terus .  Inflammation with fluid accum ula t ion  in the  
u te ru s  is frequently  o b se rv e d  clinically in subferti le  m a re s .  T h e s e  
fac tors  a p p e a r  to be  a g e  rela ted ,  a n d  probably  contr ibu te  great ly  
to p regnancy  loss a s  a g e  of the  m are  increases .
N orm al  a n d  su b fe r t i l e  m a r e s  a p p e a r  to h a v e  s imilar  
fertilization ra te s ,  or they  m ay  be  slightly r e d u c e d  in t h e  lat ter  
(Ball e t  al. 1986; Brinsko e t  al. 1994). However,  em bryo  survival 
from d a y s  2 -1 4  p o s t  o vu la t io n  is c o n s i s t e n t l y  r e d u c e d  in 
sub fe r t i l e  m a r e s ,  p ro b ab ly  d u e  to a  c o m b in a t io n  of p r im ary  
em bryonic  d e fe c t s  a n d  suboptimal  env ironm ent  of the  oviduct a n d  
u te ru s  (Ball e t  al. 1986; Ball e t  al. 1989; Brinsko e t  al. 1994). 
B e c a u s e  the  embryo  en te rs  th e  uterus on day  5, th e  oviductal (day 
0-5) or early  uterine env ironm en t  (day 5-7) could  b e  re sp on s ib le  
for early  embryonic  loss. Salpingitis is probably  more  p reva len t  in 
m a r e s  than  Dimock’s  original report  s u g g e s t s ,  a n d  may contr ibute  
to poor oviductal env ironm ent  (Saltiel e t  al. 1986). In th e  a b s e n c e  
of g r o s s  u te r in e  p a th o lo g y  a n d  a c u t e  u te r in e  in f lam m at ion ,  
e m b r y o s  t r an s fe r red  to the  u te ru s  on  d a y s  7-8 surv ive  equally  
well in norm al  or subfe r t i le  m a r e s  (Ball, Hillman a n d  W o o d s  
1987) .
Acute  u te r in e  inf lammation ,  h o w e v e r ,  m a y  f requen t ly  b e  
p re s e n t  in the  subfertile m are  und e r  field condit ions,  a n d  probably 
a c c o u n ts  for much em bryo  loss.  Ultrasonographically , em bryo  loss  
after  day  10 is a c c o m p a n ie d  by fluid accum ula t ion  a n d  sh o r te n ed
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i n t e r e s t r o u s  in te rva ls  s t rongly  s u g g e s t i n g  a n  in f lam m atory  c a u s e  
(Ginther  1985;  G in ther  e t  al. 1985a ;  G in ther  e t  al. 1985b ;  G inther  
a n d  P ie r so n  1984;  W o o d s  e t  at. 1987). U terine  inf lammation  m ay  
l e a d  to r e l e a s e  of p r o s t a g la n d in s  from th e  e n d o m e t r iu m  c a u s i n g  
r e g r e s s io n  of t h e  c o r p u s  lu teum a n d  lo ss  of p r o g e s t e r o n e  s u p p o r t  
for p r e g n a n c y  (Neely e t  al. 1979).  This  h y p o th e s is  is s u p p o r t e d  by 
d e p r e s s e d  p r o g e s t e r o n e  l e v e l s ,  i n c r e a s e d  e n d o m e t r i a l  
in f la m m at io n ,  a n d  u l t r a so n ic  fluid a c c u m u la t io n  a t  t h e  t im e  of 
e m b r y o  l o s s  (A d a m s  e t  al. 1987 ;  G in th e r  e t  al. 1985b) .  T h u s ,  
u te r in e  fluid a c c u m u la t io n  in th e  u te ru s ,  part icularly  in d i e s t r u s ,  
is s t r o n g ly  l inked  to e a r l y  e m b r y o n i c  d e a t h  a n d  d e c r e a s e d  
p r e g n a n c y  r a t e s  (A d a m s  e t  al. 1987) .  T h e  p o o r  p e r f o r m a n c e  of 
o ld e r  m a r e s  m a y  b e  a t t r ib u te d ,  in p a r t ,  to i n c r e a s e d  u te r in e  
inf lammation  a n d  poor  u te r ine  tone ,  both  of which c a n  p r e d i s p o s e  
to fluid a cc u m u la t io n  in th e  u te ru s  (C a rn e v a le  a n d  G in ther  1992).  
O lder  m a r e s  a l so  h a v e  a  h igher  inc idence  of chronic, d e g e n e ra t iv e ,  
en d om e tr ia l  d i s e a s e  (Kenney  1978; Ricketts  a n d  Alonso 1991).
1 .1 .3 .  THE ENDOMETRIUM. T he  e n d o m e t r i u m  of subfe r t i le  
m a r e s  s u f f e r s  d a m a g e  a t  all s c a l e s  of m a g n i f ic a t io n  w h ich  
r e d u c e s  its ability to s u p p o r t  p re g n a n c y .  This  d a m a g e  h a s  b e e n  
o b s e r v e d  by e n d o s c o p y ,  light m ic ro sc o p y  a n d  s c a n n i n g  e le c t ro n  
m ic r o s c o p y .
T h e  e n d o m e t r i a  of fertile, su b fe r t i l e  a n d  p r e g n a n t  m a r e s  
h a v e  b e e n  c o m p a r e d  using a n  e n d o s c o p e  inse r ted  into th e  u te ru s  
via t h e  cervix (Allen a n d  B ra c h e r  1992;  B ra c h e r  a n d  Allen 1992;
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B racher ,  M ath ias  a n d  Allen 1992). T h e  norm al  en d o m e tr iu m  is 
thrown up into n u m e ro u s  longitudinal  folds th a t  a r e  con t in u o u s  
with th e  folds of th e  cervix (Ginther  1992). T he  folds of th e  
en do m etr iu m  interdigitate so  tha t  th e  lumen of th e  normal uterus ,  
a s  s e e n  in c r o s s  sec t ion ,  c o n s i s t s  of radially a r r a n g e d  capillary 
s p a c e s  b e tw ee n  th e  longitudinal endometr ia l  folds (Kenney 1978). 
In normal m are s ,  the  e s t ro u s  endom etr ium  is diffusely e d e m a to u s ,  
with o c c a s io n a l  t r a c e s  of c l e a r  luminal fluid. In d ie s t ru s ,  the  
e n d o m e t r i u m  a p p e a r s  " th in n e r” a s  th e  e d e m a  s u b s i d e s .  In 
subfer t i le  m a r e s  th e  endom e tr ia l  folds  m ay  suffer  from u n e v e n  
d is t r ibu t ion ,  a t ro p h y  or sca r r ing .  E n d o m e tr ia l  c y s t s  a n d  fluid 
accum ula t ion  a re  a l so  c o m m o n  in subferti le  m a re s .  Occasional ly ,  
a d h e s io n s  may s p a n  the  uter ine  lumen.  An in teres t ing fea tu re  of 
the  p r e g n a n t  endom etr ium  o b s e rv e d  end oscop ica l ly  is th e  visible 
mobility of th e  e q u in e  c o n c e p tu s ,  which h a s  b e e n  s e e n  p a s s in g  
from o n e  ho rn  to th e  o th e r ,  p u s h e d  a lo n g  by p e r i s ta l t i c  
c on trac t ions  of th e  myometrium (Allen a n d  Bracher  1992).
The tec h n iq u e  of endometr ia l  b iopsy h a s  led to a  thorough 
d e s c r i p t i o n  of t h e  cyc l ic  c h a n g e s  a n d  p a t h o l o g y  of t h e  
e n d om e tr iu m  at  the  light microscopic  level (Kenney 1978; Kenney 
a n d  Ooig 1986;  R icke t ts  a n d  A lonso  1991) .  T h e  e n d o m e tr ia l  
s u r f a c e  is c o v e r e d  by a  luminal  ep i the l ium ,  overlying lo o se  
c o n n e c t i v e  t i s s u e  ( lam ina  p ropr ia) .  N u m e r o u s  u te r in e  g l a n d s  
occupy  th e  lamina propria, opening  into the  lumen of the  u terus  via 
na rrow  duc ts .  The  luminal a n d  g landular  epithel ia  a re  continuous.
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During e s t r u s  the  lam ina  propria  b e c o m e s  e d e m a t o u s ,  increas ing  
th e  d i s t a n c e  b e t w e e n  th e  g l a n d s .  T h e  c e l l s  of th e  luminal 
ep i the l ium  in c r e a s e  in h e igh t  a n d  neu troph i ls  m a rg in a te  in the  
e n d o m e tr ia l  capil lar ies .  During d ie s t ru s  th e  cel ls  of th e  luminal 
ep i the l ium  d e c r e a s e  in he ight ,  the  intersti tial e d e m a  s u b s id e s ,  
a n d  the g landular  densi ty  increases .
Pathological  c h a n g e s  of the  equ ine  endom etr ium  a re  usually 
e i t h e r  i n f l a m m a t o r y  ( e n d o m e t r i t i s )  o r  d e g e n e r a t i v e  
(endom etros is )  (Allen 1993; Kenney 1978). In th e  acutely  inflamed 
u te ru s ,  n eu t rop h i ls  m ig ra te  to t h e  u te r in e  lum en  w h e r e  they  
a c c u m u la te ,  but  may b e  w a s h e d  a w a y  during p ro c e s s in g .  T h u s  
n e u t r o p h i l i c  a c c u m u l a t i o n s  a r e  r a r e ly  s e e n  in e n d o m e t r i a l  
b io p s i e s ,  but  a r e  th e  p r e d o m in a n t  in f lam m ato ry  cell ty p e  in 
cytology s a m p le s  taken  from th e  endom etr ia l  su r fa c e  (Roszel  a n d  
F r e e m a n  1988).  Chron ic  in f lamm atory  infil trates a r e  c o m m o n ly  
s e e n  in th e  endom etr ium . They a re  usually lymphocytic, occurring 
u n d e r  th e  luminal epithel ium, a ro u n d  u te r ine  g lan d s ,  or  a ro u n d  
endom etr ia l  v e s s e l s  a n d  may be  diffusely or focally d is tr ibuted.  
E n d o m e t r o s i s  is p redom inan t ly  c h a r a c t e r i z e d  by fibrosis  a ro u n d  
u t e r i n e  g l a n d s .  S u c h  f ib ro s i s  m a y  b e  a  c o n s e q u e n c e  of 
inflammation, or might be  a  r e s p o n s e  to cyst ic  dilation of g lan d s  
following b lockage  of the  g land  duct. Fibrosis  may b e  dis t ibuted  
diffusely a ro u n d  g l a n d s  th ro u g h o u t  th e  e n d o m e tr iu m ,  o r  focally 
a ro u n d  collec t ions of d i la ted  g la n d s  (“nests")- Severi ty  of fibrosis 
m ay  b e  objectively a s s e s s e d  by distr ibution (diffuse be ing  more
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d e t r im e n ta l  t h a n  focal) ,  n u m b e r s  of l a y e r s  of f ib ro b la s t s  a ro u n d  
a f f e c te d  g la n d s ,  a n d  th e  f r e q u e n c y  of fibrotic n e s t s  in th e  lamina 
propria .  A c lass if ica t ion  s c h e m e  (K e n n ey 's  G r a d e s  I, IIA, MB, a n d  
III) h a s  b e e n  d e v e l o p e d  com bin ing  a s s e s s m e n t s  of en d o m e tr i t i s  
a n d  e n d o m e t r o s i s  from a  s ing le  b iopsy  to a s s e s s  a  m a r e ' s  ability 
to p ro d u c e  a  live foal (Kenney 1978; K enney  a n d  Doig 1986). S e v e re  
h i s t o p a t h o l o g ic  c h a n g e s  in d ic a te  s u s c e p t ib i l i t y  to e n d o m e t r i t i s  
( T r o e d s s o n ,  d e M o r a e s  a n d  Liu 19 9 3 ) .  H o w e v e r ,  a  h is to ry  of 
r e c u r r e n t  e n d o m e t r i t i s  is s u p e r io r  to b io p sy  a s  a  p re d ic to r  of 
su scep t ib i l i ty  to e n d o m e t r i t i s  (W il l iamson,  M u n y u a  a n d  P e n h a l e  
1989) .  An add i t iona l  f e a t u r e  of e n d o m e t r i a l  in f lam m ation  is th e  
p a t t e rn  of s e c re t io n  of t h e  luminal a n d  g la n d u la r  ep i thel ia .  Cel ls  
of t h e  luminal  ep i th e l ia  norm al ly  s e c r e t e  c a r b o x y l a t e d  m u c in s ,  
a n d  m a y  i n c r e a s e  s e c r e t i o n  in r e s p o n s e  to  e n d o m e t r i a l  
inf lammation .  E ndom etr ia l  g la n d s ,  h o w e v e r ,  p red o m in an t ly  s e c r e t e  
g lyco g en  ( F re e m a n  e t  al. 1990).
T h e  s tu d i e s  of Dimock a n d  E d w a r d s  r e p o r te d  m u ch  of the  
f o r e g o i n g  g r o s s  a n d  m i c r o s c o p i c  p a t h o l o g y ,  b u t  e l e c t r o n  
m ic r o s c o p y  h a s  s u b s e q u e n t l y  r e v e a l e d  a n a t o m y  a n d  p a th o lo g y  
b e y o n d  their  r e a c h .  Cyclic c h a n g e s  h a v e  b e e n  d e s c r i b e d  a t  th e  
u l t r a s t r u c t u r a l  leve l  a n d  s u r f a c e  p a t h o l o g y  c o r r e l a t e d  with 
K e n n e y ' s  g ra d in g  s y s te m  (Ferre i ra -D ias ,  Nequin  a n d  King 1994b;  
S a m u e l  e t  al. 1979).  T h e  en d om e tr iu m  is fur ther  folded into small 
r id ges  a n d  t ro u g h s .  Two cell t y p e s  a r e  visible a t  t h e  e n d o m e tr ia l  
su r f a c e ,  th e  ci l ia ted cells ,  e a c h  with a  la rg e  tuft of s e v e r a l  long
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cilia, a n d  microvillous non-cil ia ted cel ls .  T h e  small o p e n in g s  of 
endom etr ia l  g lan d s  c a n  be  s e e n  clearly, frequently  with a  ring of 
cilia a ro u n d  them, open ing  into the  endom etr ia l  lumen. The  non- 
ciliated cells  a p p e a r  to b e  secre tory ,  a l though blebbing m ay  b e  an  
artifact of d e la y e d  fixation {Ferreira-Dias, Nequin a n d  King 1994b; 
S a m u e l  e t  al. 1979). T he  non-ci l ia ted  ce l ls  p robab ly  r e p r e s e n t  
c a r b o x y l a t e d  m ucin  s e c r e t in g  ce l ts  s e e n  by light m ic ro sc o p y  
(F re e m a n  e t  al. 1990). During e s t r u s  the  sec re to ry  cells  in c re a se  
in num ber ,  followed by a  relative d e c r e a s e  during dies trus .  On the  
o ther  hand ,  the  ciliated cel ls a r e  more  n um ero u s  during dies trus .
As o n e  p r o c e e d s  from normal to severe ly  injured endometr ia ,  
accord ing  to K e n n ey ’s  sys tem ,  parallel ul trastructural  c h a n g e s  can  
b e  s e e n  on the  endom etr ia l  su rface .  T h e re  is a  loss  of cil iated 
cel ls  in t h e  d i s e a s e d  e n do m etr ium  a n d  thinning of th e  microvilli 
on  the  sec re to ry  cells.  The  secre tory  cells  give a  flat, poiygonally 
tiled f loor a p p e a r a n c e  in th e  hea l thy  e n d o m e t r iu m  ( g r a d e  I). 
H o w eve r ,  ep i the l ia l  ce l l s  of s e v e r e ly  d e g e n e r a t e d  e n d o m e t r i a  
( g rad e  III) may  so m e t im e s  swell, becom ing  rounded ,  a n d  give the  
endom etr ium  an  a p p e a r a n c e  like a  co bb le -s tone  street .
Am ong  th e  d o m e s t i c  s p e c i e s ,  t h e  e q u in e  e n d o m e tr iu m  is 
u n i q u e  in its rap id  r a t e  of involut ion following pa r tu r i t ion .  
Histologically, involution is well a d v a n c e d  by d a y  4  post partum, 
a n d  virtually com ple te  by the  foal hea t  on day  9. This rapid rate  of 
involution m ay  be  exp la ined  by the  rapid lytsis a n d  inges t ion  of 
th e  m icrocoty ledons ,  a n d  the  c lean  b reak  m a d e  a t  th e  p lacen to-
u te ro  in te rface  (Gygax,  G a n ja m  a n d  K e n n ey  1979;  S t e v e n s  e t  al. 
1 9 7 9 ) .  T h u s ,  a t  n o r m a l  p a r tu r i t io n ,  t h e  e q u i n e  e n d o m e t r i u m  
s u f f e r s  m in im al  to s s  of ep i the l ia l  t i s s u e .  H o w e v e r ,  following 
a b o r t io n ,  de l ive ry  of s t i llborn  or  d y s m a t u r e  fo a ls ,  a n d  m a n u a l  
rem ova l  of a  re ta ined  p lac en ta ,  th e  e n d o m e t r iu m  m ay  suffer  m o re  
ex te n s iv e  d a m a g e  ( S t e v e n s  e t  al. 1979).
1 .1 .4 .  M UCOSAL IMMUNITY. T h e  e q u in e  e n d o m e t r iu m  is 
b e l ieved  to b e  a  m u co sa l  im m un e  sy s te m .  This view is su p p o r te d  
by im m unog lobu l in  c o n t e n t  of u te r in e  fluid, im m u n o h i s to c h e m ic a l  
s t u d i e s  of the  e n d o m e t r iu m ,  a n d  th e  en d o m e tr ia l  r e p o n s e  to local 
v a c c i n a t i o n .  H o w e v e r ,  m o s t  a v a i l a b l e  in fo rm a t io n  to d a t e  
s u g g e s t s  th a t  a  p r im ary  d e f e c t  in m u c o s a l  immunity  d o e s  not  
u n d e r l ie  suscep t ib i l i ty  to e q u in e  en do m etr i t i s .
T he  im m u n o g lo b u l in s  in e q u in e  u te r in e  fluid a p p e a r  to  b e  
ac t ive ly  t r a n s p o r t e d  from th e  s e r u m  or p r o d u c e d  by p l a s m a  ce l ls  
in th e  e n d o m e t r i u m  (K e n n e y  a n d  K ha lee l  197 5 ;  Mitchell e t  al. 
19 8 2 ;  W aelch l i  a n d  W in d e r  198 7 ;  W a t s o n  a n d  S t o k e s  1988b ;  
W id d e r s  e t  al. 1984;  W id d e r s  e t  al. 198 5a ) .  T h e  low a lbum in  to 
i m m u n o g lo b u l in  ra t io  of u t e r i n e  fluid s u g g e s t s  t h a t  m in im al  
t r a n s u d a t io n  of s e r u m  into u te r ine  fluid o c c u r s ,  u n l e s s  th e  u te ru s  
is acu te ly  inf lamed (Pycock  a n d  Alien 1990;  W idders  e t  al. 1985b;  
Wil l iamson e t  al. 1987). Like o th e r  m uco sa l  im m u n e  s y s t e m s ,  the  
e n d o m e t r iu m  preferen t ia l ly  s e c r e t e s  IgA. T h e  ratio of IgA to th e  
o t h e r  im m u n o g l o b u l i n s  is i n c r e a s e d  10 -fo ld  in u t e r i n e  fluid 
c o m p a r e d  to p l a s m a ,  a l t h o u g h  IgG still p r e d o m i n a t e s  in u te r ine
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fluid (Mitchell e t  al. 1982;  W id d e rs  e t  al. 1984) .  In addit ion,  th e  
s e c r e t o r y  c o m p o n e n t  of IgA is fo u n d  in t h e  u te r in e  ep i the l ium  
(W idders  e t  al. 1985b) .  T ra n sp o r t  of im m unog lobu l ins  a c r o s s  th e  
u t e r in e  e p i th e l iu m  m a y  b e  b o th  in te rce l lu la r  a n d  in t ra ce l lu la r  
(Waelchli a n d  W inder  1987; W idders  e t  al. 1985a).
C e l l s  p ro d u c in g  IgA, IgG, a n d  IgM c a n  b e  s e e n  in t h e  
e n d o m e t r i u m ,  a n d  th e i r  n u m b e r s  m a y  i n c r e a s e  in p e r s i s t e n t ly  
in fec ted  h o r s e s  (K en n ey  a n d  K halee l  1975;  Mitchell e t  al. 1982;  
Waelchli  a n d  W inder  1987;  Waelchli  a n d  W inder  1991;  W id de rs  e t  
al. 1 9 8 5 a ) .  An a d d i t io n a l  s tu d y  n o te d  th a t  e n d o m e t r i t i c  m a r e s  
s o m e t i m e s  h a d  m ark ed ly  m o r e  p l a s m a  ce l ls  in the i r  e n d o m e t r i a  
t h an  norm al  m a r e s ,  bu t  t h e  a s s o c ia t io n  did not a c h i e v e  s ta t is t ica l  
s i g n i f i c a n c e  ( W a t s o n  a n d  S t o k e s  1 9 8 8 b ) .  N u m b e r s  of 
im m unog lobu l in  p ro d uc ing  ce l ls  in th e  e n d o m e t r iu m  d o  not va ry  
with th e  rep ro d u c t iv e  cy c le  (Waelchli  a n d  W ind e r  1987 ;  W id d e rs  
e t  al. 1985b) .  H ow ever ,  ce l ls  of the  e n d o m e t r iu m  b e a r in g  MHC 
C l a s s  II a n t i g e n s  ( m a c r o p h a g e s ,  l y m p h o c y t e s ,  m o n o c y t e s ,  
d e n d r i t ic  ce l ls ,  ep i the l ia l  ce l l s  a n d  e n d o th e l i a l  ce l ls ) ,  e sp e c ia l ly  
t h o s e  c lo se  to the  uter ine  lumen, i n c re a s e  MHC C la s s  II e x p re s s io n  
dur ing  e s t r u s .  In add it ion ,  h o r s e s  with e n d o m e tr i t i s  h a v e  g rea t ly  
i n c r e a s e d  MHC c l a s s  II e x p re s s io n  a n d  T lymphocy te  n u m b e r s  in 
th e  end o m etr iu m  (W atson  a n d  Dixon 1993).
A m u c o s a l  i m m u n e  r e s p o n s e  f o l l o w s  i n t r a u t e r i n e  
im m uniza t ion .  I n c r e a s e d  leve ls  of IgA a n d  IgG a p p e a r  in u te r ine  
fluid s o m e  of which m ay  b e  specific for S zooepidemicus a n t i g e n s
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(LeBlanc e t  al. 1991;  W idders  e t  al. 1985b;  W idders ,  W arne r  and  
Huntington 1995). Levels  of IgA and  IgG a re  consis tent ly  higher in 
u ter ine fluid of su scep t ib le  m a r e s  than  in res i s tan t  m a r e s  (Asbury 
e t  al. 1980;  LeBlanc e t  al. 1991; Mitchell e t  al. 1982; W idders  e t  
al.  198 4 ;  W il l iam son  e t  al. 1983) ,  w h ich  p ro b a b ly  r e f le c t s  
i n c r e a s e d  n u m b e r s  of p l a s m a  ce l l s  a n d  ly m p h o c y te s  in th e  
e n d o m e t r i a  of t h e s e  h o r s e s .  H ow ever ,  local  v a cc in a t io n  only 
a p p e a r s  to b e  protective in res is tan t  h o r s e s  (Widders, W arner  and  
Huntington 1995), a n d  s u g g e s t s  tha t  a n  unidentified c o m p o n e n t  of 
u ter ine  d e f e n s e s  fails in suscep t ib le  m are s .
1.1.5. THE ACUTE UTERINE R E SP O N S E.  The  equ ine  u terus 
u n d e r g o e s  an  a c u t e  n o n - sp e c i f ic  r ea c t io n  to local irritation.  
Following a  u ter ine  insult th e re  is a  rapid influx of neutrophi ls ,  
fluid, s e ru m  pro te ins  a n d  inflammatory m ed ia to rs  into th e  lumen. 
Although protective, the  r e s p o n s e  may b e  a c c o m p a n ie d  by lysis of 
th e  c o r p u s  lu teum  (luteolysis) .  Many a s p e c t s  of th e  r e s p o n s e  
a p p e a r  similar in res is tan t  a n d  suscep t ib le  m ares .  W hen  th e  a cu te  
u t e r i n e  r e s p o n s e  is i n d u c e d  by i n t r a u te r in e  in o cu la t io n  of 
s t r e p to c o c c i ,  n u m b e r s  of b a c t e r i a  r e c o v e r e d  from th e  u t e r u s  
d e c r e a s e  prec ip i tously  in both r e s i s t a n t  a n d  s u s c e p t ib le  m a re s .  
H o w eve r ,  a f te r  a b o u t  12 ho u rs ,  bac te r ia l  n u m b e r s  r e b o u n d  in 
s u s c e p t i b l e  m a r e s ,  s u g g e s t i n g  a  d e f i c ie n c y  in local  u te r in e  
d e f e n s e s .
Stimuli which induce  an  a c u t e  u ter ine  r e s p o n s e  do  so  by 
irritation of e i ther  th e  u te ru s  or cervix. S u c h  a  r e s p o n s e  m ay
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follow cl inical  e n d o m e t r i t i s ,  u t e r in e  m a s s a g e ,  c e rv ica l  d i la t ion ,  
u t e r i n e  b io p s y ,  or  i n t r a u t e r i n e  i n f u s io n s  of s a l i n e ,  b a c t e r i a ,  
s t r e p to c o c c a l  f ree  filtrate, a n d  o y s te r  g lycogen  (Couto  a n d  H u g h e s  
1985;  H u g h e s  a n d  Loy 1969; Hurtgen a nd  G a n jam  1979; Hurtgen and  
W hitm ore  1978;  Neely  e t  al. 1979;  P e t e r s o n ,  M cFeely  a n d  David 
1969;  P ycock  a n d  Allen 1990;  W a tso n ,  S t o k e s  a n d  B o u rn e  1988a ;  
W a t s o n  e t  al. 1 9 8 7 a ;  W il l iamson e t  al. 1967) .  S a l in e  in fus ions  
a l o n e  m a y  not  invoke  th e  r e s p o n s e ,  u n l e s s  l a rg e  v o lu m e  a r e  
i n f u s e d  o r  in f u s io n  is a c c o m p a n i e d  by u t e r i n e  m a s s a g e  
(S t rzem iensk i  a n d  K enney  1984;  Will iamson et  al. 1987).  T he  m ore  
irritating a n  infusion,  th e  m o r e  i n te n s e  the  r e s p o n s e  (W a ts o n  et  
al. 1 9 8 7 a ) .  E x t ra ce l lu la r  p r o d u c t s  of S zooepidemicus  m a y  
p r o v o k e  ad d i t io n a l  irritat ion (C ou to  a n d  H u g h e s  1985) .  O y s t e r  
g ly c o g e n  is a  c o n v e n i e n t  w a y  to in d u c e  a n  i n t e n s e  r e s p o n s e  
e x p e r im e n ta l ly  w i thou t  us ing  b a c te r ia l  a n t i g e n s  (W a ts o n ,  S t o k e s  
a n d  Bourne  1988a;  W atso n  e t  al. 1987a).
T h e  irr itat ion a p p e a r s  to t r ig g e r  a n  a c u t e  in f la m m a to ry  
c a s c a d e  (Higgins a nd  L e e s  1984;  Pycock a n d  Allen 1990;  W a tso n  et  
al. 1987a) .  T he  r e s p o n s e  m ay  b e  d e te c t e d  a s  a n  inflow of uter ine  
fluid, u te r in e  e d e m a ,  i n c r e a s e d  u te r in e  b lo od  flow a n d  ce rv ica l  
e n l a r g e m e n t .  C h a n g e s  beg in  a s  e a r ly  a s  30 m in u t e s  following 
s t imulation, p e a k  in a b o u t  4-6  hours ,  m ay  s u b s i d e  within 12 ho u rs  
o r  p e r s i s t  for lon g er  p e r io d s  (e .g . .  72 h o u r s )  d e p e n d i n g  on  th e  
o u tc o m e  (H ug h es  a n d  Loy 1969; Pe te rso n ,  McFeely  a n d  David 1969; 
P y c o c k  a n d  Allen 1990;  Will iamson e t  al. 1987). During th e  initial
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period  in f lamm atory  m e d ia to r s  s u c h  a s  p ro s ta g la n d in  (PG) F2 
a lp h a  a n d  its metaboli te  PGFM, P G E 2  a n d  leukotriene B4 p e ak  in 
uterine fluid within 6 hours,  su b s id e  by abo u t  12 hours,  a n d  then  
may p e a k  a  s e c o n d  t ime 1 to 2 d a y s  later (Neely e t  al. 1979;  
Pycock a n d  Allen 1990; W atson,  S tokes  a n d  Bourne 1988a;  Watson 
e t  al. 1987a) .  S e ru m  proteins  in u ter ine  fluid a l so  p e a k  within 6 
h o u r s ,  b u t  d e c l i n e  m o r e  g r a d u a l ly  o v e r  2 4  - 4 8  h o u r s .  
Interest ingly, levels  of IgA a p p e a r  to d e c r e a s e  slightly ove r  the  
initial p h a s e ,  poss ib ly  d u e  to s e r u m  dilution, but  th en  a c h ie v e  
m ax im al  leve ls  in 24 -48  hours .  N eu t roph i l s  a r e  a l s o  rapidly 
recruited to the  u terus ,  peaking in a bou t  6 hours,  and  may remain 
e le v a ted  for severa l  d a y s  d e p en d in g  on the na tu re  of the  irritation 
(Wil l iamson e t  al. 1987) .  B e c a u s e  p r o s t a g la n d in  l ev e ls  a l s o  
b e c o m e  e leva ted  in serum, th e  acu te  uterine r e s p o n s e  is commonly 
fo l low ed  by lu te o ly s i s  a n d  s h o r t e n e d  i n t e r e s t r o u s  in te rv a l s  
(Hurtgen a nd  G an jam  1979; Hurtgen a n d  Whitmore 1978; Neely e t  
al. 1979).
In g e n e ra l ,  t h e  a c u te  u ter ine  r e s p o n s e  s t a r t s  similarly in 
both res i s tan t  a n d  su s cep t ib le  m ares .  Neutrophils,  s e ru m  proteins,  
a n d  inflammatory m ed ia to rs  in c re ase ,  while bacter ia l  n u m b e r s  (if 
b a c te r ia  a r e  u s e d  a s  the  st imulus)  p e a k  quickly, th en  d e c r e a s e  
precipitously during the  first 12 hours  of the  r e s p o n s e  (P e te rso n ,  
McFeely an d  David 1969; W atson,  S tokes  and  Bourne 1988a; Watson 
e t  al. 1987a ;  Will iamson e t  al. 1987). After th e  initial p h a s e ,  a  
d e f in in g  d i f f e r e n c e  t h e n  e m e r g e s  b e t w e e n  r e s i s t a n t  a n d
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s u s c e p t ib l e  m a r e s  inocu la ted  with S zooepidemicus. R e s i s t a n t  
a n im a ls  mainta in  th e  d e c r e a s e  in bac te r ia l  n u m b e r s ,  a n d  so o n  
e l im ina te  b a c te r ia  from the  u terus .  S u s c e p t ib le  m a r e s ,  however ,  
suffer a  rebo un d  in bacterial  n u m b e rs  after the  initial p h a s e ,  a n d  
t a k e  longer ,  p e r h a p s  mult iple e s t r o u s  cyc les ,  to e l im ina te  th e  
organ ism  {Hughes a n d  Loy 1969; Pe te rson ,  McFeely a n d  David 1969; 
Williamson e t  al. 1987;  Williamson e t  al. 1984). Exceptions  to this 
p a t t e r n  inc lud e  s u s c e p t i b l e  m a r e s  with s e v e r e l y  d e g e n e r a t e d  
endom etr ia  which have  a  markedly red u ced  a c u t e  uterine r e sp o n se ,  
poss ib ly  d u e  to fai lure of the  injured e n d o m e tr iu m  to s e c r e t e  
p ro s ta g la n d in s  (H ughes  a n d  Loy 1969; Neely e t  al. 1979). Under  
n o rm a l  c i r c u m s t a n c e s ,  h o w e v e r ,  s u s c e p t i b l e  m a r e s  r e l e a s e  
s l igh t ly  e l e v a t e d  l e v e l s  of p r o s t a g l a n d i n s  in u t e r i n e  fluid 
c o m p a r e d  to re s i s tan t  m a r e s  (W atson  e t  al. 1987a) .  S u s ce p t ib le  
m a r e s  a l so  a c c u m u la te  m ore  fluid in th e  u te rus  pos t  inoculation, 
a n d  clinically may d isp lay  r e d u c e d  d r a in a g e  of u ter ine  c o n te n t s  
through the  cervix (Hughes  and  Loy 1969; T roedsson  and  Liu 1992). 
This  l e a d s  to an  acc u m u la t io n  of u te r ine  fluid which a d v e rse ly  
a f f e c t s  t h e  u t e r in e  e n v i r o n m e n t  ( T r o e d s s o n  a n d  Liu 1992;  
Williamson e t  al. 1987).
In his initial s tudy of the  a c u te  uter ine  r e s p o n s e ,  P e te r s o n  
did not d e te c t  a  d if ference  b e tw e e n  phagocy t ic  ability of u ter ine  
neu trophi ls  in r e s i s tan t  a n d  su s ce p t ib le  m are s .  Both g r o u p s  of 
a n im a l s  a p p e a r e d  to p h a g o c y t iz e  in ocu la ted  s t r e p to c o c c i  during 
th e  a c u t e  u ter ine r e s p o n s e .  He  a rg u e d  that  an  e v e n t  o th e r  than
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p h a g o c y to s i s  a c c o u n te d  for the  d if fe rence  b e tw e e n  re s i s tan t  and  
s u s ce p t ib le  m ares ,  su c h  a s  non-cellu lar  d e f e n s e s  or th e  ability to 
kill success fu l ly  p h a g o c y t iz e d  o r g a n i s m s  (P e te r so n ,  M cFeely  a n d  
David 1969) .  H ow ever ,  b e c a u s e  of the  in te n se ly  neu trophi l ic  
n a tu r e  of the  a c u t e  u ter ine  r e s p o n s e ,  neutrophil  migration a n d  
p h a g o c y t o s i s  w e r e  s u b s e q u e n t l y  i n v e s t i g a t e d  e x te n s iv e ly  a s  
potent ia l  c a u s e s  of susceptib il ity  to endom etr i t is .
1.1.6. NEUTROPHIL MIGRATION. The  influx of neutrophils into 
t h e  u t e r u s  m ay  b e  c a u s e d ,  in pa r t ,  by an  a c c u m u la t io n  of 
c h e m o a t t r a c ta n t s  in uter ine  fluid. S t a g e  of cycle  d o e s  not  affect  
m i g r a t i o n  t o w a r d s  u t e r i n e  f lu id ,  h o w e v e r  e s t r o g e n  
s u p p l e m e n ta t io n  of a  h o r s e  e n h a n c e s  migra t ion  t o w a r d s  th a t  
h o r s e ’s s e r u m  in vitro. Migration is similarly e n h a n c e d  to w ard s  
uter ine  fluid from infected h o rse s ,  a n d  s o m e  c h e m o a t t r a c ta n t s  in 
u t e r i n e  fluid a p p e a r  to b e  p r o d u c t s  of a r a c h i d o n i c  a c id  
m e t a b o l i s m .  It is not  c l e a r  if u t e r in e  n e u t r o p h i l s  from 
s u s c e p t ib le  m a r e s  h a v e  r e d u c e d  migratory ability in c o m p a r i s o n  
with re s i s tan t  m a re s ;  d i f fe rences  h a v e  b e e n  d e te c t e d  in d ies t rus ,  
but  not  e s t ru s .  If d i f fe ren c e s  exist ,  they  m ay  b e  a t t r ibu tab le  to 
fluid a cc u m u la t ion  in s u s c e p t ib le  m a r e s .  No d i f fe rence  c a n  b e  
c o n f i rm ed  in m igra tory  ability of p e r ip h e ra l  b lood  n eu tro p h i ls  
b e tw ee n  res i s tan t  a n d  suscep t ib le  m ares .
C h e m o a t t r a c t a n t s  in u te r ine  fluid a r e  d e t e c t e d  by inducing 
n e u t ro p h i l s  to m ig ra te  th rough  millipore fi lters t o w a rd s  u te r ine  
w a s h in g s ;  th e  d ep th  to which neu troph i ls  p e n e t r a t e  th e  filter is
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u s e d  a s  a  m e a s u r e  of c h e m o a t t r a c t i v e n e s s  (Py co ck  a n d  Allen 
1988b ;  S t rz em ie n sk i ,  Do a n d  K e n n ey  1984;  S t r z e m ie n sk i  a n d  
K enney  1984).  An a l terna t ive  m e th o d  is to m e a s u r e  th e  d i s tan c e  
n e u t ro p h i l s  m ig ra te  o v e r  a  flat s u r f a c e  u n d e r n e a t h  a  b e d  of 
a g a r o s e  (Lees,  Dawson  a n d  Sedgwick  1986; W atso n ,  S to k e s  a n d  
B o u rn e  1987c) .  R a n d o m  migration of n eu tro ph i ls  m a y  a lso  b e  
m e a s u r e d  under  a g a r o s e  (Watson,  S to k e s  and  Bourne  1987c). Both 
s e r u m  a n d  u te r ine  fluid a p p e a r  to p o s s e s s  c h e m o a t t r a c t i v e  
propert ies  (Strzemienski,  Do a nd  Kenney 1984). Se ru m  from es t rus  
or e s t r o g e n  s u p p l e m e n te d  m a r e s  s t im u la te s  neutrophil  migration 
m o re  th a n  s e r u m  from d i e s t r u s  or p r o g e s t e r o n e  s u p p l e m e n te d  
m a r e s .  (Blue et  al. 1984; S t rzem iensk i ,  Do a n d  K en n ey  1984; 
W atson ,  S to k e s  a n d  Bourne  1987b). Although this d ifference  may 
not  be  ca r r ied  into u ter ine  fluid of cycling m a r e s  (Blue e t  al. 
1984;  S t rzem ien sk i ,  Do a n d  K enney  1984), it m ay  b e  s e e n  in 
u t e r i n e  f luid of o v a r i e c t o m i z e d  h o r s e s  s u p p l e m e n t e d  with 
e s t ro g en  versus p ro g es te ro n e  (Watson 1988a).
T he  c h e m o a t t r a c t i v e n e s s  of u te r in e  fluid a p p e a r s  to b e  
e n h a n c e d  during u te r ine  infection (Blue e t  al. 1984). This  may 
a c c o u n t  for  r e p o r te d  i n c r e a s e s  in u te r ine  neu trophi l  migration 
from p r o g e s t e r o n e  t r e a te d  m a r e s  (W atson  1988a) .  During a cu te  
u te r ine  inflammation in duced  by S zooepidemicus, u ter ine  fluid 
g rea t ly  i n c r e a s e s  in c h e m o a t t r a c t iv e n e s s  within 30  m inu tes ,  a n d  
re m a in s  high for 240 minutes .  Heat ing this fluid to 56 C for 30 
m in u te s  part ial ly r e d u c e s  neutrophi l  migra tion,  s u g g e s t i n g  th a t
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c o m p le m e n t  p ro te ins  play a  chem o tac t ic  role during a c u t e  uter ine 
i n f l a m m a t io n  ( P y c o c k  a n d  Allen 1 9 8 8 b ) .  In a d d i t i o n ,  S 
z o o e p id e m ic u s  i tself is not  inheren t ly  c h e m o ta c t i c ,  t h u s  the  
influx of neu troph i ls  into th e  u te ru s  p robably  involves activation 
of c h e m o ta c t i c  s u b s t a n c e s  p r o d u c e d  by the  h o r s e  (Pycock  a n d  
Allen 1 9 8 8 a ) .  M e t a b o l i t e s  of a r a c h i d o n i c  a c i d  in c lu d in g  
leukotr iene B4 a n d  prostaglandin  E2 a r e  r e l e a s e d  into the  u te rus  
du r ing  a c u t e  u t e r in e  in f lam m at io n ,  a n d  a r e  c h e m o t a c t i c  for 
neutrophils  in vitro dep en d in g  on concentra t ion  (Lees, Dawson an d  
S edgw ick  1986; W atson ,  S to k e s  a n d  Bourne  1987c). R e l e a s e  of 
a r a c h id o n ic  ac id  m e ta b o l i t e s  from th e  e n d o m e t r iu m  h a s  b e e n  
d e m o n s t r a t e d  in vitro (W atson  1989).
D e p e n d in g  on  th e  s t a g e  of t h e  e s t r o u s  cy c le ,  u te r ine  
n e u t ro p h i l s  from s u s c e p t ib l e  m a r e s  m ay  lo se  migra tory  ability 
f a s te r  th an  res i s tan t  m ares ,  but  the  i s s u e  is controversia l .  During 
an  a c u t e  u ter ine  r e s p o n s e  to s t rep tococc i  in d ie s t ru s .  migratory 
abili ty a n d  e la s t ic i ty  of u te r in e  n e u t ro p h i l s  from s u s c e p t i b l e  
m a re s  is greatly  red u c e d  c o m p a re d  to res is tan t  m a r e s  a t  12 hours  
a f te r  inoculat ion (Liu e t  al. 1985).  After 12 hours ,  neu trophi ls  
from r e s i s t a n t  m a r e s  a l s o  lo se  m igra to ry  ability. H o w ev e r ,  
p e r h a p s  a s  a  resu l t  of c o n t in u e d  inflammation, th e re  may b e  a  
s e c o n d  influx of neutrophils  into th e  u te ru s  of su s cep t ib le  m ares .  
C o n se q u e n t ly ,  u te r ine  neu trophi ls  in su s c e p t ib le  m a r e s  re c o v e r  
migratory ability a t  15 hours  (Liu e t  al. 1986). This may b e  related 
to  m u l t ip le  r e l e a s e s  of P G F 2 a  fo l low ing  a c u t e  u t e r i n e
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in f l a m m a t io n  d u r in g  d i e s t r u s  (N e e ly  e t  al. 1 9 7 9 )  H o w e v e r ,  
following a n  a c u t e  u te r in e  r e p s o n s e  in e s t r u s ,  s u s c e p t ib l e  m a r e s  
m a y  h a v e  s u p e r io r  c h e m o ta x i s  of u ter ine  neu trop h i ls  c o m p a r e d  to 
r e s i s tan t  m a r e s  (T ro e d sso n ,  Liu a n d  T hurm ond  1993a).  T h e  r e a s o n  
for th is  d i s c r e p a n c y  in s t a g e  of cy c le  is u n c le a r .  T h e  p o o r e r  
m ig ra to ry  ability of u te r in e  n e u t ro p h i l s  from s u s c e p t i b l e  m a r e s ,  
if real,  cou ld  b e  a t t r ibu ted  to poor  u te r ine  env ironm en t ,  a  poss ib le  
c o n s e q u e n c e  of u t e r i n e  fluid a c c u m u l a t i o n  (Liu e t  al. 19 8 6 ;  
T r o e d s s o n  a n d  Liu 1992).
A d i f f e r e n c e  b e t w e e n  r e s i s t a n t  a n d  s u s c e p t i b l e  m a r e s  
c a n n o t  b e  co n f i rm ed  in p e r ip h e ra l  b lood  n e u t ro p h i l s  (Liu e t  al.  
1986 ;  Liu e t  al.  1985) .  S ign if ican t  d i f f e r e n c e s  which  h a v e  b e e n  
r e p o r t e d  a r e  in confl ict  ( T ro e d s s o n ,  Liu a n d  T h u r m o n d  1 9 93 a ;  
W atso n ,  S to k e s  a n d  Bourne  1987a).
1.1.7. KILLING, PHAGOCYTOSIS AND OPSONIZATION. Killing of 
invading s t rep tococc i  h a s  b e e n  though t  to play a  key role in equ ine  
u t e r i n e  d e f e n s e s .  C o n s i s t e n t  b a c t e r i c i d a l  a c t iv i ty  is n o t  
d e m o n s t r a b l e  in t h e  ce l l  f r e e  s u p e r n a t a n t  of u t e r i n e  fluid. 
H ow ever ,  neu troph i ls  in u te r ine  fluid a r e  phagocy t ic ,  to  a  d e g r e e .  
T h e  s t a g e  of t h e  e s t r o u s  cyc le  m a y  inf luence  p h a g o c y to s i s ,  be ing  
e n h a n c e d  by e s t r o g e n  a n d  d e p r e s s e d  by p r o g e s te r o n e .  M etabol i tes  
of a r a c h i d o n i c  a c id  m a y  a l s o  in f lu en ce  p h a g o c y t o s i s .  Al though  
u t e r i n e  n e u t r o p h i l s  f rom s u s c e p t i b l e  m a r e s  s o m e t i m e s  h a v e  
r e d u c e d  p h a g o c y t i c  ab i l i ty ,  t h e  d e f e c t  is n o t  c o n s i s t e n t l y  
d e m o n s t r a t e d .  No d i f fe rence  ex is t  in m a c r o p h a g e  function b e tw e e n
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res i s tan t  a n d  su scep t ib le  m are s .  In both res is tan t  a n d  suscep t ib le  
m a r e s ,  u te r in e  fluid is poorly  o p s o n i c  for S zooep id em icu s  
c o m p a re d  to serum , probably d u e  to th e  break  down of com plem en t  
p ro te in s  in u te r ine  fluid. Overall ,  no c o n s i s t e n t  d i f fe ren ce  in 
o p s o n i c  act ivity of u te r in e  fluid h a s  b e e n  d e t e c t e d  b e tw e e n  
re s i s tan t  a n d  su scep t ib le  m are s .
it h a s  b e e n  s u g g e s t e d  th a t  t h e  cell f ree  s u p e r n a t a n t  of 
u te r ine  fluid c o n ta in s  an t ibac te r ia l  c o m p o n e n t s .  T he  survival of 
s t rep to co cc i  in d ies t ra l  cell f ree  u ter ine  f lushings  a p p e a r s  to be  
markedly d iminished in com par ison  to survival in H ank 's  b a la n c e d  
sa l t  solut ion with 1% gela t in  (HB SSG ).  H e a t  t r e a tm e n t  for 30 
m in u te s  a t  56  C fai ls to r e d u c e  a n t ib a c t e r i a l  activ i ty , bu t  
s u c c e e d s  a t  80 C, s u g g e s t in g  tha t  c o m p le m e n t  is not  involved 
{Strzemienski ,  Do a n d  K en n ey  1984).  However ,  a n  in d e p e n d e n t  
a t t e m p t  to r e p e a t  th is  finding, c o m p a r in g  u te r in e  fluid from 
ovariec tom ized  m a re s  t rea ted  with p ro g e s te ro n e  a n d  e s t ro g en ,  h a s  
not  b e e n  su c c e s s fu l .  In s tead ,  u ter ine  fluid m ay  in fac t  su p p o r t  
h igher  bacterial  n u m b e r s  than  HBSSG, r e g a rd le s s  of s t a g e  of cycle 
(Johnson ,  O x en der  a n d  Berkhoff 1994).
However ,  ova r ian  s te ro id s  cons is ten t ly  a l ter  th e  phago cy t ic  
r e s p o n s e  of neu trophi ls  in u ter ine fluid. In u ter ine  fluid co l lec ted  
4 8  h o u r s  a f te r  s t r e p to c o c c a l  inocu la t ion ,  c h e m i l u m in e s c e n t  or 
b a c t e r i c id a l  m e a s u r e m e n t s  of p h a g o c y t o s i s  a r e  c o n s i s t e n t l y  
g r e a t e r  in o v a r i e c to m iz e d  e s t r o g e n  s u p p l e m e n t e d  m a r e s  t h a n  
u n s u p p l e m e n t e d  c o n t r o l s .  F u r t h e r m o r e ,  s u p p l e m e n t a t i o n  with
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p r o g e s t e r o n e  actively d e p r e s s e d  p h a g o c y to s i s  relative to controls  
(G an jam  e t  al. 1980; G a n jam  e t  al. 1982; W a sh b u rn  e t  al. 1982; 
W atson  e t  al. 1987b). P ro g e s te ro n e  t rea ted  m a re s  may b e  heavily 
infec ted  a t  4 8  h o u r s  pos t  inoculation, w h e r e a s  e s t r o g e n  t r e a te d  
h o r s e s  c le a r  infection (W ashburn  e t  al.  1982).  After 10 d a y s  of 
p r o g e s t e r o n e  t r e a tm e n t ,  p h a g o c y t ic  a n d  s t r e p to c id a l  ability of 
p r o g e s t e r o n e  t r e a te d  m a r e s  m ay  recover ,  bu t  high n u m b e r s  of 
b ac te r ia  c a n  n e v e r th e le s s  p e rs i s t  in the  u te ru s  (W ashb u rn  e t  al. 
1982).  Similarly, 24  to 144 hours  following infusion of o y s te r  
glycogen, phagocy tos i s  of S zooepidemicus is d e p r e s s e d  in uter ine 
fluid from p r o g e s t e r o n e  t r e a t e d  m a r e s  (W atson  e t  al. 1987b) .  
P r o g e s t e ro n e  s u p p le m e n te d  h o r s e s  may remain  infected for w e e k s  
(Ganjam e t  al. 1980).
Of the  m etabo l i te s  of a rach idon ic  acid a p p ea r in g  in u ter ine  
fluid, L e u k o t r ie n e  B4 p r o m o te s  p h a g o c y t o s i s  a n d  in t race l lua r  
kilting in vitro. P ro s t a g l a n d in  F 2a  e n h a n c e s  only in trace l lu la r  
killing a nd  PG E2 h a s  no effect on e ither (Watson 1988b).
A s ing le  s tudy  h a s  a t t e m p te d  to inv es t ig a te  m a c r o p h a g e  
funct ion b e tw e e n  re s i s tan t  a n d  su s c e p t ib le  m a r e s  (W atso n  a n d  
S to k e s  1988a) .  R a te  of c l e a r a n c e  of in travenously  in jected 1 2 5 |  
labe l led  polyvinyl pyrrol idone,  an  in vivo index of m a c r o p h a g e  
function, s u g g e s t s  tha t  no difference ex is ts  b e tw e e n  re s i s tan t  a n d  
s u s c e p t ib le  m a r e s  with r e g a rd s  to m a c r o p h a g e  function.  A t rend  
t o w a rd s  low ered  m a c r o p h a g e  function w a s  d e t e c t e d  in e s t r u s ,  
a l though  it did not ach iev e  statis t ical  signif icance.
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A d e fe c t  in th e  phag o cy t ic  ability of u te r ine  neu troph i ls  may 
o c cu r  in m a r e s  su s c e p t ib le  to endom etr i t is ,  d e p e n d in g  on s t a g e  of 
c y c l e  a n d  t im e  of co l lec t io n ,  b u t  t h e  i s s u e  is c o n t r o v e r s i a l  
(Asbury  a n d  H a n s e n  198 7 ;  C h e u n g  e t  al. 1985) .  W h e n  u te r ine  
n e u t r o p h i l s  a r e  c o l l e c t e d  12  h o u r s  fo l low ing  s t r e p t o c o c c a l  
infusion into th e  u t e r u s  dur ing  d ie s t ru s ,  s u s c e p t ib l e  m a r e s  h a v e  
g r e a t l y  d e p r e s s e d  p h a g o c y t i c  ab il i ty  to C a n d id a  a lb ic a n s  
b l a s t o p o r e s  th a n  r e s i s t a n t  m a r e s  ( C h e u n g  e t  al. 1 9 8 5 ) .  This  
p a ra l l e l s  d e c r e a s e d  m ig ra to ry  abil ity of u t e r in e  n e u t r o p h i l s  of 
su sce p t ib le  m a r e s  a t  12 hours  (Liu e t  al. 1986).
During e s t r u s ,  no c o n s i s t e n t  d i f f e r e n c e  a p p e a r s  b e t w e e n  
u t e r i n e  n e u t r o p h i l s  f rom r e s i s t a n t  a n d  s u s c e p t i b l e  m a r e s  in 
p h a g o c y t i c  c a p a c i t y .  In a n  a c u t e  u t e r i n e  r e s p o n s e ,  u t e r in e  
neu trophi ls  co l lec ted  a t  4  hours  a p p e a r  to b e  equal ly  phago cy t ic  in 
r e s i s t a n t  a n d  s u s c e p t i b l e  m a r e s  (A sb u ry  a n d  H a n s e n  19 87 ) .  
H o w ev e r ,  t h ro u g h  3 6  h o u r s  p o s t  inocula t ion ,  u te r in e  n e u t ro p h i l s  
from su s c e p t ib l e  m a r e s  m ay  b e  m o re  ph ag o cy t ic  th an  t h o s e  from 
r e s i s t a n t  m a r e s  ( T r o e d s s o n ,  Liu a n d  T h u r m o n d  1 9 9 3 a )  During 
a n e s t r u s ,  co l lec t io n  a t  18 h o u r s  m a y  d e t e c t  a  d e f i c ie n c y  in 
s u s c e p t i b l e  m a r e s  ( W a t s o n ,  S t o k e s  a n d  B o u r n e  1 9 8 7 a ) .  
C o m p a r i s o n s  of p h a g o c y t ic  ability of u te r ine  n eu tro p h i ls  b e tw e e n  
r e s i s t a n t  a n d  su s c e p t ib l e  m a r e s  may b e  c o m p l ic a te d  by arrival of 
f r e s h  n e u t r o p h i l s  in s u s c e p t i b l e  m a r e s  d u e  to  p e r s i s t i n g  
i n f l a m m a t io n  (Liu e t  al. 1986) .  If a  d e f e c t  in p h a g o c y t ic  ability 
e x i s t s  in u te r ine  neu troph i ls  of s u s c e p t ib l e  m a r e s ,  it is p rob ab ly
3 0
s e c o n d a r y  to a  p o o r  u te r ine  env ironm en t ,  which m ay  b e  at t r ibuted 
to a g e d  a c c u m u l a t i o n s  of u t e r i n e  fluid in s u s c e p t i b l e  m a r e s  
(T ro e d s s o n  a n d  Liu 1992).
T h e  o p s o n i c  ability of u t e r in e  fluid is p o o r  c o m p a r e d  to 
s e r u m ,  a n d  p ro b a b ly  a  r e su l t  of d e s t r u c t io n  of c o m p l e m e n t  in 
u t e r in e  fluid. (Asbury,  G o r m a n  a n d  F o s t e r  1984 ;  A sbu ry  e t  al. 
1982 ;  Blue e t  al. 1982;  L eB lanc  e t  al. 1991;  T r o e d s s o n ,  Liu a n d  
T h u r m o n d  1 9 9 3 a ) .  H o w e v e r ,  t h e  a l t e r n a t i v e  p a t h w a y  of 
c o m p l e m e n t  a c t i v a t i o n  is n o t  c a p a b l e  of o p s o n i z i n g  S 
zo o e p id e m ic u s  in s e ru m ,  su g g e s t i n g  tha t  t h e  c la ss ica l  (an t ibody 
m e d i a t e d )  p a t h w a y  of c o m p l e m e n t  a c t iv a t io n  is r e s p o n s i b l e  
(Asbury,  G o rm a n  a n d  F o s te r  1984).  In c o n t r a s t  to s e r u m ,  o p so n ic  
ac t iv i ty  of u t e r i n e  fluid d u r in g  n o rm a l  e s t r u s  or  d i e s t r u s  is 
neglig ible .  H ow ever ,  du r ing  a n  a c u t e  u te r in e  r e s p o n s e  in e s t r u s ,  
s e r u m  o p s o n i n s  a r e  r e l e a s e d  into u te r in e  fluid provid ing  a  mild 
i n c r e a s e  in o p s o n i c  act ivi ty (Brown, H a n s e n  a n d  A sbury  1985) .  
This  i n c r e a s e  is sh o r t  lived, b e in g  u n d e te c t a b l e  a t  t h e  following 
e s t r u s .  T h e  in c r e a s e  in o p so n ic  activity is h e a t - s t a b le ,  s u g g e s t in g  
a n t i b o d y  b u t  n o t  c o m p l e m e n t  is r e s p o n s i b l e  for  t h e  l imited 
o p s o n iz in g  ability of u te r in e  fluid (Brown, H a n s e n  a n d  A sbury  
1 9 8 5 ) .  F r a c t i o n a t i o n  of  o p s o n i n s  by  a m m o n i u m  s u l f a t e  
p rec ip i ta t ion  a n d  co lum n  c h ro m a to g r a p h y  a l s o  po in ts  to IgG a s  a  
m a j o r  o p s o n i n  in u t e r i n e  fluid ( H a n s e n  a n d  A s b u r y  1987) .  
C o m p l e m e n t ,  h o w e v e r ,  is rap id ly  d e s t r o y e d  in u t e r i n e  fluid 
(A sb u ry ,  G o r m a n  a n d  F o s t e r  1 9 8 4 ) .  O c c a s i o n a l l y ,  s ig n i f ic an t
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c o m p l e m e n t  act ivity m ay  a p p e a r  in u te r in e  fluid, but  th is  is 
incons is ten t ,  a n d  m ay  be  c a u s e d  by u ter ine  h e m o r r h a g e  during 
collection (Brown, H a n se n  a n d  Asbury 1985; W atso n ,  S to k e s  a n d  
B ourne  1987a) .  T h e ra p eu t ic  benef i ts  of in trauter ine  infusions  of 
p l a s m a  o r  s e r u m  to im prove  o p so n ic  act ivity of u te r in e  fluid, 
though  initially promising, h a v e  not b e e n  c o n s i s t e n t  (Adams and  
G in ther  1989;  Asbury 1984; C o lbern  e t  al. 1987b;  W a tso n  a n d  
S to k e s  1988c).
Susceptib i l i ty  to u ter ine  infection c a n n o t  ye t  b e  a s s o c i a t e d  
with d e f i c ie n t  o p s o n i n s  o r  o p s o n i c  act ivity of u t e r in e  fluid. 
Fol lowing s t r e p to c o c c a l  inocu la t ion ,  u te r in e  fluid from h o r s e s  
which b e c o m e  pers is ten t ly  infected is a s  o p so n ic  a s  fluid from 
h o r s e s  which  s u b s e q u e n t ly  c le a r  infection (Brown, H a n s e n  a n d  
Asbury  1985) .  R e s i s t a n t  a n d  s u s c e p t ib l e  m a r e s  d o  not  differ 
significantly in th e  o p so n ic  cap ac i ty  of non- inf lamm atory  uter ine  
w a s h in g s ,  though  su scep t ib le  m a r e s  yield significantly more  anti- 
s t re p to c o cc a l  an t ibody (LeBlanc et  al. 1991). Following an  a c u te  
u te r in e  r e s p o n s e  to s t r e p t o c o c c a l  in fus ion ,  s u s c e p t i b l e  a n d  
r e s i s t a n t  m a r e s  h a v e  s imilar  in t rau te r ine  im m unog lobu l in  a n d  
c o m p le m e n t  levels . However, a t  36  hours ,  s ignif icant  red uc t io ns  
may b e  s e e n  in IgG and  c o m plem en t  concen tra t io n s  in suscep t ib le  
m a re  uteri, possibly d u e  to con t inued  consum pt ion  of o p so n in s  by 
multiplying b a c te r ia  (T ro e d ss o n ,  Liu a n d  T h urm o n d  1993b) .  The 
o p s o n ic  act ivity of u te r ine  fluid within 24 h o u r s  following a n  
a c u t e  u te r ine  r e s p o n s e  m ay  b e  signficantly h igher  in su sce p t ib le
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m a r e s  ( H a n s e n  a n d  A sbury  1987 ;  W a t s o n ,  S t o k e s  a n d  B o u rn e  
1 9 6 7 a ) .  S u s c e p t i b l e  m a r e s  m a y  b e  m o r e  likely to h a v e  a c t iv e  
c o m p l e m e n t  c o m p o n e n t s  in in f lam m ato ry  u te r in e  fluid (W a tso n ,  
S t o k e s  a n d  B ourne  1987a) .  In con tra s t ,  s o m e t i m e s  a  d e c r e a s e  in 
o p s o n i c  ability of u te r in e  fluid from s u s c e p t i b l e  m a r e s  m a y  b e  
d e t e c t e d ,  p ro b ab ly  a t t r ib u tab le  to p o o r  u te r in e  e n v i r o n m e n t  from 
fluid a c c u m u la t io n  ( T r o e d s s o n  a n d  Liu 1992;  T r o e d s s o n ,  Liu a n d  
T h u r m o n d  1 9 9 3 a ) .  D e c r e a s e d  o p s o n i c  act iv i ty  of e n d o m e t r i a l  
c u l t u r e  s u p e r n a t a n t  f ro m  s u s c e p t i b l e  m a r e s  h a s  b e e n  
d e m o n s t r a t e d  (W a tson  a n d  S t o k e s  1990) .  Overall ,  m o s t  e v id e n c e  
s u g g e s t s  t h a t  a  s ig n i f ic an t  d e f e c t  in t h e  o p s o n i c  act iv i ty  of 
u t e r i n e  f lu id  d o e s  n o t  u n d e r l i e  s u s c e p t i b i l i t y  to  e q u i n e  
e n d o m e t r i t i s .  W h e n  a  d e f i c i e n c y  d o e s  e x i s t ,  it is p r o b a b l y  
s e c o n d a r y  to a cc u m u la t io n  of u te r ine  fluid.
1.1.8.  PHYSICAL CLEARANCE. Physica l  rem oval  of fluid a n d  
p a r t i c le s  from th e  u te ru s  p lay s  a  major  role in u te r ine  d e f e n s e .  
P r o g e s t e r o n e  in d u c e d  suscep t ib i l i ty  to e n d o m e t r i t i s  is a s s o c i a t e d  
with im p a i re d  u te r in e  c l e a r a n c e .  In add i t ion ,  s u s c e p t i b l e  m a r e s  
cycl ical ly  a c c u m u l a t e  u te r in e  fluid, a n d  h a v e  d e l a y e d  c l e a r a n c e  
fo l lo w in g  in o c u la t io n  of m a t e r i a l s  i n f u s e d  in to  t h e  u t e r u s .  
Im p a i red  u te r ine  c l e a r a n c e  h a s  b e e n  d e t e c t e d  rad iograph ica l ly  in 
s u s c e p t i b l e  m a r e s .  T h e  p a t h o g e n e s i s  of fluid a c c u m u l a t i o n  in 
s u s c e p t ib l e  m a r e s  m ay  result,  in part ,  from d e c r e a s e d  m yom etr ia t  
c o n t r a c t io n s .  Oxytocin ,  by prom oting  m yom etr ia l  c o n t ra c t io n s ,  c a n
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resul t  in effective fluid removal in su scep t ib le  m ares ,  a nd  may be  
useful  in t r e a tm e n t  of endometr i t is .
Uterine  infection m ay  b e  a s s o c i a t e d  with fai lure to c le a r  
bo th  fluid a n d  pa r t ic le s  from the  e q u in e  u te rus .  An innovat ive  
inoculum, consis t ing  of th ree  different c o m p o n e n t s  s u s p e n d e d  in 
sa l ine ,  h a s  b e e n  u se d  to d e m o n s t r a te  the  im por tance  of physical  
c l e a r a n c e  in u ter ine  d e f e n s e s  (E v an s  et  al. 1986;  E v a n s  e t  al. 
1987). The  inoculum co n s i s t s  of S zooepidemicus  (an antigenic  
material  c le a re d  e i ther  by p h a g o cy tos is  or m ech an ica l  c lea rance ) ,  
c h a rc o a l  (a non-an t igen ic  materia l  c l e a r e d  by p h a g o c y to s i s  a n d  
m ech an ica l  c le a ra n c e ) ,  a n d  51 Cr labelled 15um  m ic ro sp h e re s  (a 
n o n -a n t ig e n ic  m ater ia l  c l e a r e d  only by m e c h a n ic a l  c l e a r a n c e ) .  
Following inoculation, the  u te rus  is f lushed  with sa l ine  containing 
t r a c e s  of 1 2 5 |  lab e l led  h u m a n  s e r u m  a lbum in .  Analyzing  th e  
co l lec ted  flush m a k e s  it p o ss ib le  to d e te rm in e  how m uch  fluid, 
b ac te r ia ,  leuk o cy te s ,  cha rco a l ,  a n d  m ic r o s p h e r e s  rem ain  in th e  
u terus .  In acyclic m aiden  m are s ,  p r o g e s t e r o n e  t r e a tm e n t  r e d u c e s  
physical  c le a r a n c e  of inoculated m arke rs  c o m p a re d  to e s t ro g en  or 
no t rea tm en t .  Failure to e liminate  bac te r ia  a n d  leukocy tes  from 
th e  u te ru s  pa ra l le l s  th e  r e d u c e d  u ter ine  c l e a r a n c e  of fluid a n d  
p a r t i c le s  (E v a n s  e t  al. 1986) .  W h e n  t r e a t e d  with e s t r o g e n ,  
su s c e p t ib le  m a r e s  h a v e  re d u c e d  physical  c l e a r a n c e  c o m p a r e d  to 
r e s i s t a n t  m a r e s .  H o w e v e r  th is  d i f f e r e n c e  d i s a p p e a r s  with 
p r o g e s t e r o n e  t r e a t m e n t  w h e n  all h o r s e s  s u f f e r  i m p a i r e d  
m echan ica l  c le a ra n c e  a n d  in c reased  infection (E vans  e t  al. 1987).
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Although q u e s t i o n s  a b o u t  the  re la t ive  im p o r ta n c e  of phys ica l  
c le a r a n c e  a n d  killing have  b e e n  ra ised (LeBlanc, Asbury a n d  Lyle 
1 9 8 9 ) ,  a d d i t i o n a l  s t u d i e s  c o n f i r m  t h a t  s u s c e p t i b i l i t y  to 
e n d o m e t r i t i s  is a s s o c i a t e d  with a c c u m u l a t i o n s  of fluid a n d  
d e la y e d  physical  c l e a r a n c e  of fluid a n d  part ic les  (Allen a n d  Boyd 
1990;  Allen a n d  Pycock 1988; T ro ed sso n  a n d  Liu 1991;  T ro edsso n  
a n d  Liu 1992). Clinically, d e la y e d  c l e a r a n c e  of fluid h a s  b e e n  
co n f i rm ed  in s u s c e p t ib l e  m a r e s  sc in t ig raph ica l ly  by m e a s u r in g  
c l e a r a n c e  of an  in trauterine infusion of T ech n e t iu m  99m -albumin  
colloid (LeBlanc et  al. 1994).
Myom etr ia l  c o n t r a c t i o n s  a l s o  p lay  a n  im p o r tan t  pa r t  in 
e f fe c t iv e  p h y s ic a l  c l e a r a n c e .  M yom etr ia l  c o n t r a c t i o n s  du r ing  
e s t r u s  a r e  m ore  in tense ,  m ore  f requen t ,  a n d  of sh o r te r  durat ion 
th an  in d i e s t r u s  (T ro e d sso n  e t  al. 1993). Following in trauter ine  
inoculat ion of s t rep tococc i ,  su s ce p t ib le  m a r e s  h a v e  reduc t ions  in 
myometria l  con trac t ion  that  b e c o m e  m o s t  a p p a r e n t  10-20 hou rs  
following inoculat ion (T ro e d s s o n  e t  al. 1993), Interest ingly,  this 
t im e  f r a m e  c o in c id e s  with th e  r i se  in b a c te r i a l  n u m b e r s  in 
s u s c e p t i b l e  m a r e s  (Wil l iamson e t  al.  1987) .  T h e  abil ity of 
oxytocin to induce  su s ce p t ib le  m a r e s  to e l im in a te  a c c u m u la t e d  
uterine fluid may prove to be  a  va luable  a n d  simple  t rea tm ent  for 
s o m e  c a s e s  of endometri t is  (Allen 1991; LeBlanc e t  al. 1994).
1.1.9. A MODEL OF ENDOMETRITIS. Long term p roges te rone  
t r e a te n t  h a s  b e e n  u s e d  to d e v e lo p  a  m odel  of endom etr i t is  in 
normal h o r s e s  to eva lua te  p a th o g e n e s i s  and  uterine  therapy.  Such
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a  m o d e l  h a s  no t  b e e n  s u c c e s s f u l  in e v a l u a t i n g  d i f f e re n t  
t h e r a p e u t i c  r e g im e n s .  N e v e r t h e l e s s ,  it h a s  h e lp e d  to  r ev e a l  
important  d i f fe rences  b e tw e e n  res is tan t  a n d  su s ce p t ib le  m ares .
P r o g e s t e r o n e  t r e a t m e n t  rel iably  i n d u c e s  e n d o m e t r i t i s  in 
o va r iec tom ized  h o rse s ,  a n d  is super io r  to d e x a m e t h a s o n e  for this 
p u r p o s e .  P r o g e s t e r o n e  t r e a t e d  h o r s e s  i n o c u l a t e d  with 5  
zooepidemicus a r e  u n ab le  to e liminate  infection (Colbern  e t  at. 
1987a).  T he  evaluat ion  of intrauterine the rapy  using this  model  is 
difficult. In t rau ter ine  p l a s m a  is not  of th e r a p e u t i c  b en e f i t  us ing 
this model  (Colbern  e t  al. 1987b), but  the  benef i t  of p l a s m a  is 
con trove rs ia l  b a s e d  on o ther  s tu d ie s  (A d am s  a n d  G in ther  1989; 
Asbury 1964).  A p r o g e s te r o n e  b a s e d  model of endometr i t is  favors 
g rowth  of a  var ie ty  of b a c te r ia ,  y e t  exp er im e n ta l ly  in o cu la te d  
o r g a n i s m s  m ay  n o t  b e c o m e  e s t a b l i s h e d .  In addit ion ,  p ro lon g ed  
an t ib io t ic  a d m in i s t r a t io n  in th is  m o d e l  m a y  l ea d  to  fungal  
endom etr i t is ,  a n d  th e ra p eu t ic  benef i t s  of an tib io tics  m ay  not b e  
c o n s i s t e n t  (Hinrichs, S p e n s le y  a n d  McDonough  1992). B e c a u s e  it 
d o e s  not include e v e n t s  occurring during a  com ple te  e s t r o u s  cycle, 
this model  of endom etr i t is  d o e s  not  truly mimic the  su sce p t ib le  
m a r e  (Allen 1993) .  H o w ev e r ,  p r o g e s t e r o n e  a d m in i s t r a t io n  by 
o th e r s  h a s  h e lp ed  to reveal  the  importance  of physical  c le a r a n c e  
in uterine d e fe n se ,  and  led to de tect ion  of def ic iencies  in physical  
c l e a r a n c e  in su s c e p t ib le  m a r e s  (E vans  e t  al. 1986;  E v a n s  e t  al. 
1987). T h u s  th e  m odel ,  with d u e  r e g a rd  to its limitations, h a s  
y ie lded  v a lu ab le  information.
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1.1.10. BACTERIAL PATHOGENESIS.  It is suprising that  the  
etiologic a g e n t s  of endometri t is  have  b e e n  so  neg lec ted ,  given the 
powerful  tools  current ly  ava i lab le  for their s tudy .  B ac te r ia  h a v e  
b e e n  implica ted in luteolytic p ro s tag lan d in  r e l e a s e ,  inf lammation,  
a n d  a d h e r e n c e  to the  endometr ium. S o m e  bacter ia  a re  clearly more 
v iru len t  t h a n  o t h e r s ,  a n d  in te r a c t io n s  b e t w e e n  b a c t e r i a  m ay  
con tr ibu te  to p a th o g e n e s i s .
I n t r a v e n o u s  a d m in i s t r a t io n  of S a lm o n e lla  typhim urium  
endotoxin  l e a d s  to a luteolytic r e l e a s e  of p ros tag land ins  (Daels  et 
al. 1988; D ae ls  e t  al. 1987) The  resulting decl ine  in p ro g e s te ro n e  
c a n  t e rm in a te  p re g n a n c y ,  a l though  p r o g e s t o g e n  su p p le m e n ta t io n  
c a n  p r e v e n t  p r e g n a n c y  lo s s  ( D a e l s  e t  al.  1 9 9 1 b ) .  Ear ly  
a d m in i s t r a t io n  of flunixin m e g lu m in e  m ay  p r e v e n t  e n d o to x in  
m ed ia ted  prostag landin  r e le a se  (Daels e t  al. 1991a).
Streptococcus zooepidemicus may p roduce  s u b s t a n c e s  which 
a c c e n t u a t e  th e  a c u t e  inflammatory react ion of the  m a r e ' s  u terus, 
In t r a u te r in e  infusion of cell f r ee  f i l t ra tes  of m e d ia  in which 
s t r e p to c o c c i  h a v e  b e e n  c u l tu r e d  p r o d u c e  a  m o r e  in te n se ly  
suppura t ive  react ion than  m edia  a lone  (Couto a n d  H u g h e s  1985). 
A d h e s io n  is a n  im p or tan t  m e a n s  by which b a c t e r i a  b e c o m e  
e s t a b l i s h e d  a t  m u c o u s  m e m b r a n e s  ( B e a c h e y  1 9 8 1 ) .  S  
z o o e p id e m ic u s  a d h e r e s  to e q u in e  endom e tr ia l  t i s s u e  in vitro, 
w h e r e a s  S pneumoniae  d o e s  not. In add i t ion ,  s t r e p to c o c c a l  
a d h e r e n c e  is g r e a t e r  to end om etr ium  of b iopsy  g r a d e  III during 
e s t ru s  th an  to endom etr ium  of g ra d e s  I or  II (Ferreira-Dias,  Nequin
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a n d  King 1994a).  Streptococcus zooepidem icus  a d h e r e n c e  is 
g r e a t e r  to  e n d o m e t r i u m  s a m p l e s  from o v a r i e c to m iz e d  m a r e s  
t rea te d  with e s t ro g e n  than  with p ro g e s te ro n e  (W atson,  S to k e s  a nd  
B o u r n e  1 9 8 8 b ) .  U l t r a s t r u c tu r a l  s t u d i e s  of T a y i o r e l l a  
equigen ita lis ,  th e  etiologic a g e n t  of c o n ta g io u s  e q u in e  metritis,  
revea l  a  variety  of su r face  s t ru c tu re s  which m ay  play a  role in 
bacterial  a d h e r e n c e  or r e s i s t a n c e  to ph ag o cy to s i s  (Hitchcock et  al. 
1985). Following in trauter ine  inoculation, Tayiorella equigenitalis 
pers is ts  longer in the  equ ine  u te rus  than Pseudomonas aeruginosa 
(S trzem iensk i  et al. 1984).
Uterine  infection with S  zooepidemicus m ay  p r e d i s p o s e  to 
uterine infection with K pneumoniae. Inoculation of K pneumoniae  
a lo n e  cons is ten t ly  fails to e s tab l ish  infection u n le s s  inocu la ted  in 
c o n ju n c t io n  with killed S zooepidemicus. A b a s i s  for this 
interaction may b e  th e  p r e s e n c e  of s t rep to co cca l  immunoglobulin- 
binding Fc recep tors  on the surface  of S zooepidemicus. A n t ibody-  
r e c e p to r  c o m p l e x e s  ac t iva te  th e  c o m p le m e n t  c a s c a d e  a n d  m ay  
d e p l e t e  a v a i la b le  o p s o n i n s  (Lyle e t  al. 1991). It is interesting to 
no te  that  Dimock a n d  E dw ards  a lso reported  that  $  zooepidemicus 
p r e d i s p o s e d  m a r e s  to infection with K pneumoniae (Dimock a n d  
E dw ards  1926).
1.2 STREPTOCOCCAL M PROTEIN
T h e  d a w n  of m e d i c a l  s c i e n c e  d im ly  i l l u m i n a t e d  
s t rep to c o cc a l  d i s e a s e  200  y e a r s  ago ;  a s  the  light g rew  s t ronger ,  
k n o w le d g e  multiplied. C o n se q u e n t ly ,  the  history of s t r e p to c o c c a l
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d i s e a s e ,  a n d  s t r e p to c o c c a l  M protein ,  is virtually a  history  of 
medica l  sc ien c e .  It b e g a n  with an  inability to explain  th e  e x a c t  
c a u s e  of d i s e a s e .  But with s tubborn  in s i s tence  on  epidemiological  
in terre la t ionships,  it led to th e  d iscovery  of etiological a g e n t s  a s  
th e  germ -theo ry  of d i s e a s e  w a s  gaining a c c e p ta n c e .  Discovery of 
th e  an t ip h ag o c y t ic  p rop e r t i e s  of s t re p to c o cc i  b ro u gh t  a  b ro a d e r  
a p p r e c i a t i o n  of b a c t e r i a l  p a t h o g e n e s i s .  B r e a k t h r o u g h s  in 
s e r o ty p in g  a n d  rec o g n i t io n  of s t r e p to c id a l  act iv i ty  of b lood 
a c c o m p a n i e d  th e  g row th  of im m uno logy .  M ore  r ec en t ly ,  th e  
c h e m ic a l ,  g e n e t ic  a n d  m o lecu la r  a s p e c t s  of p a t h o g e n e s i s  a n d  
ep id e m io lo g y  h a v e  a c c o m p a n i e d  th e  d e v e l o p m e n t  of m o lecu la r  
biology. To fully u nders tand  M protein, o n e  n e e d s  to u n d e rs tand  all 
this, which ordinarily would b e  impossib le .  However ,  o n e  p e r s o n  
e s t a b l i s h e d  a  s im ple  f ram ework  upon  which th e  old kn ow ledg e  
r e s t s  a n d  w h e r e  new  know ledge  still f inds room. Her  n a m e  w a s  
R e b e c c a  Lancefield.
1.2.1. EPIDEMIOLOGY AND HUMAN DISEASE. To apprec ia te  
R e b e c c a  Lancefield, o n e  m us t  first u n d e rs t a n d  the  im por tance  of 
ep id e m io lo g y  in s t r e p to c o c c a l  d i s e a s e  p reven t ion .  E ven  be fo re  
s t rep tococc i  w e re  known a s  hum an  p a th o g e n s ,  d i s e a s e s  which we 
now know w e r e  c a u s e d  by s t r e p to c o c c i  w e r e  con tro l lab le  by 
a c c u ra te ly  identifying th e  risk fac tor  involved. But the  c h a l le n g e  
in t h o s e  d a y s  w a s  to c on v inc e  o th e r s  of the  a s so c ia t io n .  The 
ep idem io log ica l  truth did not a lw ay s  prevail  a g a i n s t  w id e s p r e a d  
a n d  e n t r e n c h e d  ignorance .  Two early e x a m p le s ,  pue rp e ra l  fever
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a n d  ep idem ic  s o r e  throat ,  r ev e a le d  th e  im por tance  of identifying 
how d i s e a s e  is c o n t ra c ted  a n d  sp re a d .  In the  c a s e  of p ue rpe ra l  
f e v e r  it w a s  to  identify a  p a r t i cu la r  o b s te t r i c i a n  w h o m  th e  
d i s e a s e  followed like a  sh a d o w .  In th e  c a s e  of e p id e m ic  s o r e  
th roa t  it w a s  to identify a  dairy distributing c o n ta m in a te d  milk.
T hro ug h ou t  th e  last  century ,  b e fo re  s t rep to co cc i  h ad  b e e n  
identified a s  p a t h o g e n s ,  p h y s ic ia n s  in E u ro p e  a n d  th e  United 
S t a t e s  s u s p e c t e d  th e  c o n ta g io u s  n a tu re  of p u e rp e ra l  fever ,  an  
a c u t e ,  su p p u ra t iv e ,  a n d  f requent ly  fatal infection of w o m e n  in 
child birth. Ignatz S em m e lw e is ,  a  young  obs te t r ica l  a s s i s t a n t  in 
Vienna ,  s u s p e c t in g  th e  c o n ta g io u s  n a tu r e  of p u e rp e r a l  fever ,  
c o n d u c te d  o n e  of the  ear l ie s t  su c c e ss fu l  clinical trials to t e s t  his 
theo ry .  H e  s a v e d  m any  lives in th e  p r o c e s s .  In 1845 ,  two 
o b s t e t r i c a l  h o s p i t a l s  e x i s t e d  in V ie n n a ,  o n e  for o b s t e t r i c a l  
te a c h in g ,  th e  o th e r  w h e re  m idwives  w e re  primarily r e s p o n s ib le  
for de l iver ies .  D ea th  r a t e s  d u e  to p u e rp e ra l  fever  in t h e  first 
clinic w e r e  4 t im es  the  d e a th  r a t e s  in the  se c o n d .  S e m m e lw e i s  
p r o p o s e d  tha t  th e  high mortality of th e  first clinic w a s  d u e  to 
s t u d e n t s  p e r fo rm in g  post mortem  e x a m in a t io n s  on  c a s e s  of 
p u e rp e r a l  fever ,  a n d  th e n  ca r ry ing  toxic m ate r ia l  d i rec t ly  to 
pa t ien ts  in th e  w ards .  By insisting tha t  s tu d e n ts  w ash  their h a n d s  
in “ch lo r ide  of lime" following p o s f  mortem  e x a m in a t io n s ,  h e  
dramatical ly  red u c ed  the  d e a th  ra te  of the  first clinic to the  level 
of th e  s e c o n d  clinic. However, he  w a s  d e n o u n c e d  by the  medical  
a u th o r i t i e s  of th e  d ay ,  a n d  r e c e iv e d  little recogn i t ion  in his
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lifetime. T h e  h a n d  w a sh in g  p rac t ic e  w a s  d i s c o n t in u e d  by his 
superiors ,  a n d  he  w a s  rem oved  from his position. He himself died 
of the  d i s e a s e ,  from an  infected cut  ob ta ined  during post mortem  
exam ina t ion  of a  pue rpe ra l  fever  victim (S em m elw e is  1975).
In th e  United S ta t e s ,  the  B os ton  phys ic ian  a n d  novelist ,  
Oliver W endell  Holm es ,  m e t  similar opposit ion.  W o m en  frequently  
g a v e  birth a t  h o m e ,  a t t e n d e d  by a  visiting d o c to r  or midwife. 
H o lm e s  g a t h e r e d  m ed ica l  r e c o rd s  a s  far b a c k  a s  e ig h te e n th  
cen tury  Britain to docum ent ,  beyond  r e a s o n a b le  doubt , a  horrifying 
pattern  of d i s e a s e .  Certa in  practit ioners would sudden ly  be  c u r s e d  
with a  s e r i e s  of f requent ly  fatal c a s e s  of p u e rp e ra l  s i c k n e s s  in 
pa t ien ts  un d e r  their c a re .  The  doc to r  would rush  from delivery to 
delivery, without wash ing  his h a n d s  or changing  his clothes , and  in 
rap id  s u c c e s s i o n  his  p a t i e n t s  would  c o n t r a c t  th e  d i s e a s e .  In 
addition Holm es  noted  tha t  a  S c o t sm a n ,  Dr. G ordon  of A berdeen ,  
a n n o u n c e d  a s  early a s  1795 th a t  it w a s  poss ib le  to predict  which 
w o m a n  w ou ld  b e c o m e  aff l ic ted,  a f te r  h e a r in g  which midwife 
a t t e n d e d  the  delivery.  H o lm es  particularly n o te d  th e  a s so c ia t io n  
of d i s e a s e  o u tb re a k s  following a  physic ian  performing a n  au to p sy  
on  c a s e s  of p u e rp e r a l  fever ,  or a f te r  t r ea t in g  p a t i e n t s  with 
e ry s ip e l a s  (a se p t ic em ic  s t r e p to c o cc a l  d i s e a s e  with s e v e r e  skin 
lesions) . He  e v en  records  a  physician w ho  a t t en d e d  an au topsy  of a  
c a s e  of pue rpe ra l  fever, a n d  then  carr ied  the  pelvic v isce ra  of the  
d e a d  w om an  in his pocket  to a  c lass .  He a t t en d e d  ano th e r  w om an  in 
th e  even ing  without having c h a n g e d  his c lo thes .  That  w o m a n  w a s
41
th e  first of a  s e r ie s  he  a s s i s t e d  who su b seq u e n t ly  died. B e c a u s e  
p u e rp e r a l  fev e r  o c c u r r e d  spo rad ica l ly  in u n a t t e n d e d  de l iver ies ,  
occurr ing on the  a v e r a g e  3 t im es  in every  1000  births, Holm es 
a rg u e d  tha t  a  s u c c e s s io n  of 2 c a s e s  w a s  highly unlikely d u e  to 
c h a n c e ,  w h e r e a s  the  c h a n c e  o c cu r rence  of a  s e r i e s  of 3 c a s e s  w a s  
vir tually im p oss ib le .
Many o p p o s e d  his v iew s  bitterly, for o b v io u s  r e a s o n s .  
C o u n t l e s s  p h ys ic ia n s  had  e n c o u n t e r e d  su ch  s e r i e s  in their own 
p r a c t i c e s ,  a n d  w in c ed  to a c k n o w le d g e  tha t  th ey  w e r e  directly 
r e sp on sb le  for so  m any  u n n e c e s sa ry  d e a th s .  B e c a u s e  of the  wide 
s c o p e  of his d o c u m en ta t io n ,  p robably  a s s i s t e d  by his  rhetorical  
a n d  literary ability, he  prevailed. His e s sa y ,  The Contagiousness 
of Puerperal Fever, first publ ished  in 1843,  is o n e  of the  ear l ies t  
c o n t r ib u t io n s  to m ed ica l  r e s e a r c h  by a n  A m e r ic an  p h y s ic ia n  
(Holmes 1892).
In D ecem ber  1911, Chicago suffered a  s e v e r e  and  w idesp read  
ep idem ic  of s o r e  th roat  a n d  fever,  afflicting ove r  10 .000  peop le ,  
for which no exp lana t ion  cou ld  b e  m a d e  at  t h e  he igh t  of the  
epidemic .  The  severi ty  of th e  o u tb rea k  w a s  m a tc h e d  in only o n e  
o ther  community  in the  s ta te ,  the  n e a rb y  town of Batavia ,  Illinois. 
An earl ier  outbreak  in Boston h ad  s u g g e s t e d  a  c au sa l  link be tw een  
milk supply a n d  ep idem ics  of so re  throat.  Two physic ians  c h o s e  to 
inves t iga te  the  possibility tha t  the  C h icago  o u tb rea k  w a s  a  milk- 
b o rn e  d i s e a s e  (C a p p s  a n d  Miller 1912) . It quickly b e c a m e  c le a r  
th a t  a  d i sp ro p o r t io n a te  n u m b e r  of c a s e s  w e r e  a s s o c i a t e d  with
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consum pt ion  of milk from o n e  dairy (dairy X), which a lso  supplied 
Batavia . Of all the  c a s e s  of so re  throat ,  87%  o ccu r red  in drinkers 
of milk from dairy X. Fur the rm ore ,  t h e  inc idence  of s o r e  th roat  
w a s  14 t im es  higher  in d r inkers  of milk from dairy X th an  from 
a ny  w h e re  e l s e .  C a s e s  of bovine  masti t is  h a d  o c c u r re d  on  the  
f a r m s  su p p ly in g  da iry  X, s im u l t a n e o u s ly  with c a s e s  of s o r e  
t h r o a t s  in milkers  on  t h o s e  fa rm s .  But th e  m o s t  s ign i f ican t  
finding lay in th e  milk p lant .  F a i lu re s  in ach iev in g  a d e q u a t e  
p a s te u r i z a t io n  t e m p e r a t u r e  w e r e  c o n s i s t e n t ly  r e c o r d e d  on  d a y s  
which immediate ly p r e c e d e d  the  g re a te s t  n u m b ers  of new  c a s e s .
H ow ever ,  bac te r io log ic  inves t ig a t io ns  of th e  o u tb r e a k  ran 
into difficulties. A girl on o n e  of the  farms h ad  suffered from sore  
throat ,  with arthritic complica t ions ,  for m any  w e e k s  but  h a d  not 
drunk any  milk from the  cow s at  the  dairy. O n e  cow on the  s a m e  
farm h a d  masti t is .  Similar o rg a n i s m s  w e r e  cu l tu red  from th e  girl, 
t h e  cow, a n d  the  th roa ts  of afflicted milk d r inkers  in Chicago.  It 
w a s  p ro p o se d  tha t  the  s a m e  organ ism  c a u s e d  all t h e s e  infections, 
a n d  w a s  n a m e d  Streptococcus epidemicus  (Davis 1912). It w a s  
a s s e r t e d ,  b a s e d  largely on  colony morphology tha t  S epidemicus 
w a s  dist inct  from th e  o th e r  s t rep tococc i  i so la ted  from th e  u dd e r  
of c o w s ,  a n d  dis t inc t  from o th e r  c a s e s  of s e p t ic  s t r e p to c o c c a l  
d i s e a s e  in h u m a n s ,  s u c h  a s  s c a r l e t  fev e r ,  e r y s i p e l a s  a n d  
s t r e p to c o cc a l  s o r e  th roat  u n a s s o c i a t e d  with milk. However ,  o ther  
e p i d e m i c s  of milk b o r n e  s t r e p t o c o c c a l  d i s e a s e  w e r e  o f ten  
a s s o c i a t e d  with e ry s ip e l a s  a n d  s c a r l e t  fever . C o n s e q u e n t ly  the
4 3
unique  identity of S epidemicus w a s  q u e s t io n e d  (Williams et al. 
1932) .  A t tem p ts  w e r e  m a d e  to c la ss i fy  o t h e r  s t r e p to c o c c i  a s  
d i s t in c t  o r g a n i s m s  l inked to sp e c i f ic  d i s e a s e s ,  s u c h  a s  S 
s c a r la t in a e  from c a s e s  of s c a r l e t  fever  ( S h e r m a n  1937) .  But 
d i s t in g u i s h in g  b e t w e e n  t h e  i s o l a t e s  co u ld  no t  b e  p e r fo rm e d  
satisfactori ly. T h e re  w a s  no s imple  way  to d is t inguish  th e  m any  
hemolytic  s t rep tococc i  which could be  cultured  from h u m a n s ,  nor 
c l e a r l y  d i s t i n g u i s h  b e t w e e n  h u m a n  a n d  a n im a l  s t r a i n s .  
I n v e s t i g a t o r s  w e r e  s e v e r e l y  h a m p e r e d  by  a n  inabil ity  to 
confidently  identify o rg an ism s ,  lacking any  subdiv is ions  by which 
s t rep tococci  from d iverse  s o u r c e s  could be  g roup ed  (Oochez,  Avery 
an d  Lancefield 1919; S h e rm a n  1937).
1.2.2. LANCEFIELD'S CLASSIFICATION OF STREPTOCOCCI: THE 
“M" AND "C" SU BSTA N CES. Lancefield  so lved  th e  p ro b lem s  of 
s t r e p t o c o c c a l  c l a s s i f i c a t io n  in a  s i n g l e  s t r o k e .  S h e  f irst  
d e v e l o p e d  a  s y s te m  by which the  m a n y  s t rep to co cc i  of h u m an  
origin cou ld  b e  d is t ingu ished  a n d  this led directly to a  b ro a d e r  
classif icat ion s c h e m e  by which s t rep tococc i  of hum an  origin could 
b e  d i s t i n g u i s h e d  f rom a  v a r ie ty  of a n im a l  s o u r c e s .  Now 
e p i d e m i o l o g i s t s  c o u ld  p u r s u e  t h e  origin a n d  s p r e a d  of a  
s t rep to c o cc a l  ep idem ic  with g r e a t e r  conf idence ,  a n d  m o re  rapidly 
control an  outbreak .
T he  ac id  e x t ra c t  of L ancef ie ld ,  a  modif ied  p r o c e d u r e  of 
P o r g e s ,  r e l e a s e d  a  s u b s t a n c e  from th e  cell wall which var ied  
a c r o s s  th e  r a n g e  of h u m an  s t rep tococc i ,  but  w a s  identical  within
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is o l a t e s  of th e  s a m e  type .  Different  i so la t e s  co u ld  b e  identified 
by  s e r o l o g i c a l l y  r e c o g n i z i n g  t h i s  “t y p e - s p e c i f i c  s u b s t a n c e " .  
L a n c e f i e ld  h a d  p r e v io u s ly  t y p e d  a  sm a l l  c o l lec t io n  of h u m a n  
s t r e p to c o c c i  by agg lu t ina t ion  a n d  m o u s e  pro tec t ion  t e s t s  (D o ch ez ,  
Avery a n d  Lancefie ld  1919) .  S h e  th e n  d ig e s te d  t h e s e  s t rep to co cc i  
in a  m ix tu re  of so d iu m  c h lo r id e  a n d  d i lu te  h y d roch lo r ic  ac id ,  
r e l e a s in g  cell wall c a r b o h y d r a t e  a n d  p ro te in s  into so lu t ion .  T h e  
s u p e r n a t a n t  w a s  divided into a n  a lcoholic  p rec ip i ta te  (protein)  a n d  
a  s u p e r n a t a n t  t h a t  r e s i s t e d  a lcoho l ic  prec ip i ta t ion  (ca rb o h y d ra te ) .  
T h e  prote in  p rec ip i ta te  w a s  r e d i s so lv e d  in sa l ine  a n d  th en  a d d e d  
to  s e r u m  from r a b b i t s  im m u n iz e d  with t h e  t y p e d  s t r e p to c o c c i .  
E x t r a c t s  h o m o lo g o u s  to th e  ty p e  u s e d  to im m u n iz e  th e  rabb i t  
t e n d e d  to  p rec ip i ta te  in t h e  rabbi t  s e r u m ,  w h e r e a s  h e t e r o lo g o u s  
e x t r a c t s  d id  not .  H o w e v e r  t h e  p a t t e r n  w a s  no t  c o n s i s t e n t ;  
s o m e t i m e s  h e t e r o l o g o u s  e x t r a c t s  a l s o  p rec ip i ta te d .  H o w e v e r ,  by 
ab so rb in g  ou t  c ro s s - r e a c t in g  a n t ib o d ie s  from s e r u m  with a  p a c k e d  
c o lu m n  of h e t e r o l o g o u s  s t r e p t o c o c c i ,  L a n c e f i e ld  w a s  a b l e  to 
g e n e r a t e  a  b a n k  of ty p e - s p e c i f i c  s e r a  which  only  p re c ip i t a te d  
e x t r a c t s  of h o m o lo g o u s  iso la tes .  T h e s e  s e r a  cou ld  b e  u s e d  to type  
field i s o l a t e s  c o l l e c t e d  d u r in g  a n  e p id e m i o l o g ic  in v e s t i g a t i o n  
(Lancef ie ld  1 9 2 8 a ) .  To g ive  d u e  credi t ,  H i tchcock  h a d  s u g g e s t e d  
prec ipit in  r e a c t i o n s  a s  a  b a s i s  for s t r e p to c o c c a l  g ro u p in g  s o m e  
y e a r s  ea r l ie r  (Hitchcock 1924) .
A l th o ug h  ty p e - s p e c i f i c  a n t i g e n s  of o t h e r  o r g a n i s m s  w e r e  
o f t e n  c a r b o h y d r a t e ,  L a n c e f i e ld  d e m o n s t r a t e d  t h a t  t h e  ty p e -
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s p e c i f i c  s u b s t a n c e  of h e r  h u m a n  s t r e p t o c o c c a l  i s o l a t e s ,  
d e s i g n a t e d  s u b s t a n c e  “M”, w a s  a  protein. S h e  s h o w e d  th a t  the  
s u b s t a n c e  w a s  p r e c ip i t a t e d  by c o m m o n  p ro te in  p r e c ip i t a n t s  
(a lcohol ,  a c e t i c  ac id ,  picric ac id) ,  c o n ta in e d  a  high n i t rogen  
co n te n t ,  w a s  d e s t r o y e d  by rem ova l  of am ino  g ro u p s ,  a n d  w a s  
read i ly  d i g e s t e d  by t ryps in  a n d  p e p s i n  (L an c e f ie ld  1 9 2 6 b ) .  
Fu r th e rm ore ,  th e  M s u b s t a n c e  a p p e a r e d  to b e  a s s o c i a t e d  with 
virulent o rg a n i s m s  a n d  "matt” co lonies ,  w h e r e a s  o r g a n i s m s  which 
lacked M protein w e r e  avirulent  with "g lossy” co lon ies  (Todd and  
Lancefield  1928).
T h e  pro te in  fraction of the  ac id  ex t ra c t  c o n ta in e d  o th e r  
s u b s t a n c e s  precipita ted with the  M protein. T h e s e  included the  "R” 
a n t igen ,  which r e s i s t e d  tryptic d iges t ion ,  lacked  a s s o c ia t io n  with 
viru lence ,  a n d  w a s  conf ined  to only a  few s t r e p to c o c c a l  ty p e s  
(Lancefield and  Per lm ann  1952). A "T" ant igen  p re s e n t  on both 
m at t  a n d  g lo s s y  s t rep tococc i  did not  p rec ip i ta te  in h o m o lo g o u s  
s e ru m ,  but  c a u s e d  type  specif ic-agglu t ina t ion  of g lo ssy  va r ian ts  
(L an c e f ie ld  1940) ,  T h e  n o n - sp e c i f i c  c o m p o n e n t s  of t h e  ac id  
ex trac t ,  which  n e c e s s i t a t e d  th e  a b so rp t io n  of t h e  typing s e r a ,  
w e r e  a p p a r e n t ly  n u c le o p r o te in s  c o m m o n  to m o s t  s t r e p to c o c c i  
(Lancefield  1928b).
Then Lancefield leap ed  over  th e  divide b e tw ee n  h u m an  a n d  
v e te r ina ry  medic ine .  S h e  p r o c e e d e d  to serological ly  d ifferent ia te  
s t r e p to c o c c i  of h u m a n s  from s t rep to c o cc i  of a n im a ls  us ing  the  
c a r b o h y d r a t e  fraction of the  ac id  e x t rac t  (Lancefield 1933). This
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c o m p o n e n t ,  d e s i g a t e d  s u b s t a n c e  “C ” h a d  b e e n  found  on  all the  
hem o ly t ic  s t r e p to c o c c i  i so la t e d  from h u m a n  d i s e a s e s ,  a n d  w a s  
b e l i e v e d  to b e  c o m m o n  to all hem oly t ic  s t r e p to c o c c i  (Lancef ie ld  
1 9 2 8 c ) .  H o w e v e r ,  w h e n  L anc e f ie ld  a n a l y s e d  s t r e p to c o c c i  from 
a n im a l s ,  s h e  s a w  th a t  add i t iona l  "C” s u b s t a n c e s  e x i s te d .  T he  
m ilk-borne  e p id e m ic s  of s e p t ic  s o r e  th roa t  h a d  s p u r r e d  a n  effort 
to d i s t in g u i s h  b e t w e e n  d i f fe ren t  g r o u p s  of s t r e p to c o c c i :  t h o s e  
or ig ina t ing  from h u m a n  s e p s i s  (g ro u p  A), b o v in e  m as t i t is  (group 
B), d iv e r se  an imal  infections (group C), c h e e s e  (group D), a n d  n o n ­
p a t h o g e n s  of milk (group E). O th e r  w ork e rs  h a d  a l read y  tentatively 
a s s e m b l e d  s t r ep to co cc i  into t h e s e  5 g r o u p s  b a s e d  on a  mult i tude 
of b io ch e m ic a l  t e s t s .  Lancef ie ld  s h o w e d  th a t  t h e  MC" s u b s t a n c e  
w a s  d is t in c t  in e a c h  of t h e s e  5 g r o u p s .  T h is  “g ro u p - sp e c i f i c  
s u b s t a n c e ” in t h e  ac id  ex t rac t  w a s  p rec ip i ta ted  in s e r a  of rabbits  
p rev io u s ly  im m u n iz e d  with r e p r e s e n t a t i v e  s t r a in s  of e a c h  g r o u p  
(Lancefield 1933).  Using th e  group ing  s e r a ,  o n e  cou ld  d is t inguish  
th e  e t io iogic  a g e n t s  of s o r e  th ro a t  from t h o s e  of bov ine  m as t i t is  
or  from n o n - p a t h o g e n i c  s t r e p to c o c c i .  T h u s  e p id e m io lo g i s t s  w e r e  
given th e  tools  to inves t iga te  a n d  control  s t r e p to c o c c a l  d i s e a s e  in 
th e  h u m a n  populat ion (Brown 1937).
1 .2 .3 .  G R O W T H  IN F R E S H  BLOOD AND R E SIS T A N C E  TO 
PH A G O C Y T O S IS .  Long b e fo re  Lancefield,  it w a s  rec o g n iz e d  tha t  
p h a g o c y t o s i s  by neu troph i ls  w a s  th e  p r im ary  d e f e n s e  of a n im a ls  
a g a i n s t  s y s t e m i c  s t r e p to c o c c a l  d i s e a s e .  P h a g o c y t i c  killing w a s  
c o n v e n i e n t l y  d e m o n s t r a t e d  by killing of s t r e p t o c o c c i  in f r e s h
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b lo o d  of i m m u n e  in d iv idu a ls ,  a n d  c o n f i r m e d  by m ic r o s c o p ic  
e x a m i n a t i o n  of i n o c u l a t e d  b loo d  s m e a r s .  H o w e v e r ,  g r o u p  A 
s t r e p t o c o c c i  m u lt ip l ied  rap id ly  in t h e  b lo o d  of n o n - i m m u n e  
individuals .  Two g r o u p  A s t r e p to c o c c a l  c o m p o n e n t s  cou ld  expla in  
th is  r e s i s t a n c e  to p h a g o cy to s i s :  M protein a n d  th e  hya luron ic  acid  
c a p s u l e .
A c e n t u r y  a g o ,  p i o n e e r s  in c e l lu la r  im m uni ty ,  f rom  th e  
labora to ry  of Metchnikoff,  r e v e a l e d  f u n d a m e n ta l  d i f f e r e n c e s  in th e  
killing of g r a m  n e g a t iv e  versus g r a m  pos i t iv e  o r g a n i s m s .  T he  
g r a m  n e g a t iv e  Vibrio choierae  could  b e  directly killed in im m une  
s e r u m  (B o rde t  1895) .  H o w eve r ,  s t r e p to c o c c i  w e r e  u n h a r m e d  in 
s e r u m  of im m u n e  an im als ;  in fact,  t h ey  could  multiply abu nd an t ly .  
N e v e r t h e l e s s ,  p a s s i v e  im m u n iz a t io n  of a  r a b b i t  with  i m m u n e  
s e r u m  w a s  highly p r o t e c t iv e  a g a i n s t  s t r e p t o c c a l  in fec t ion .  By 
e x a m i n a t i o n  of p e r i t o n e a l  e x u d a t e s  fo l low ing  i n t r a p e r i t o n e a l  
i n o c u la t io n ,  B o r d e t  c o n c l u d e d  t h a t  c l e a r a n c e  of s t r e p t o c o c c i  
r e q u i r e d  p h a g o c y t o s i s  by  n e u t r o p h i l s  ( B o rd e t  1 8 9 7 ) .  Similarly ,  
s u b c u t a n e o u s  injection of s t r e p to c o c c i  into a  h o r s e  led  to local 
e d e m a ;  m a c r o p h a g e s  th en  b e c a m e  p a c k e d  with s t r e p to c o c c i ,  but  
s u b s e q u e n t l y  r u p tu re d .  Only following a n  influx of n e u t ro p h i l s  
( m ic r o p h a g e s )  did th e  t ide turn  in favor  of th e  h o s t  (Sa l im ben i  
1898) .  As  Metchnikoff  sa id :  “T h e s e  m i c r o p h a g e s  s e i z e  t h e  f ree  
s t r e p t o c o c c i  t h a t  h a v e  s t r u g g l e d  s o  v ic to r io u s ly  a g a i n s t  t h e  
m a c r o p h a g e s . ” T h e  p h a g o c y t o s i s  of th e  invading  s t r e p to c o c c i  by
4 8
n e u t r o p h i l s  w a s  t h e  c r i t ic a l  e v e n t  in c l e a r i n g  s y s t e m i c  
s t r e p to c o c c a l  infection (Metchnikoff 1907).
As know ledge  e x p a n d e d ,  s t rep tococc i  r e v e a le d  a  capabil i ty  
to res is t  phago cy to s i s .  Borde t  no ted  tha t  following injection into 
t h e  p e r i t o n e a l  cav i ty ,  s t r e p to c o c c i  d e v e l o p e d  a  h a lo  which  
a p p a r e n t ly  p r e v e n t e d  their  be ing  p h a g o c y t i z e d  by neu troph i ls .  
D e v e lo p m en t  of the  halo  w a s  critical in de te rm in ing  th e  fa te  of 
t h e  in jec ted  rabbit .  If all s t r e p to c o c c i  cou ld  b e  p h a g o c y t iz e d  
b e fo re  th ey  h a d  t im e to d e v e lo p  th e  halo ,  th e  rabbi t  lived. 
However,  if a  few streptoccci  h ad  e n o u g h  time to deve lop  the  halo, 
th e y  mult iplied ex t race l lu la r ly  d e s p i t e  t h e  p r e s e n c e  of m any
neutrophi ls ,  a n d  th e  rabbit  quickly died.  At th e  t ime of d e a th ,
e n c a p s u l a t e d  cocci  would b e  found muliplying u n c h e c k e d  in the  
rabb i t 's  c ircula tion (Bordet  1897).
The batt le  b e tw e e n  the  s t rep tococc i  and  the  neutrophils  w a s
a l s o  s tu d ied  in t u b e s  of f resh  b lood.  In 1918, it h a d  b e e n
d e m o n s t r a t e d  tha t  s t rep to co cc i  on an  a g a r  p la te  w e re  killed by 
neutrophils ,  but  not  s e ru m  (Wright, Fleming a n d  Colebrook 1918).  
However ,  s u c c e s s f u l  d e m o n s t r a t io n  of killing in a  tu b e  required  
c o m p le t e  rotat ion of th e  b lood tu b e  e n d -o v e r -e n d .  In s tan d ing  
blood th e  cellu lar  c o m p o n e n t s  se t t led  to the  bottom of th e  tu b e  
w h e r e  s t r e p to c c c i  w e r e  killed, but  s t r e p to c o c c a l  mult ipl icat ion 
co n t in u ed  u n c h e c k e d  in th e  s u p e r n a t a n t  s e ru m .  After a  3 hour  
incubation,  blood lost its ability to kill s t rep tococc i  (Todd 1927b). 
M ic r o s c o p ic  e x a m in a t io n  of s m e a r s  of s u c h  b lo o d ,  w h e r e
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s t r e p t o c o c c a l  n u m b e r s  w e r e  rapidly falling, r e v e a l e d  i n t e n s e  
p h a g o c y t o s i s  by neu tro ph i ls  (Lyons  a n d  W ard  1935;  S e a s t o n e  
1934) .  How ever ,  in b lood of immunological ly  na ive  individuals , 
v i ru len t  s t r e p to c o c c i  r e p l i c a te d  rap id ly  (T o d d  1 9 2 7 c ) ,  a n d  
m ic roscop ic  e xam in a t io n  s u b s e q u e n t ly  confi rm ed  their  r e s i s t a n c e  
to p h a g ocy to s is  (Ward a n d  Lyons 1935). The ability to repl icate  in 
blood a n d  resist  p hagocy tos is  a p p e a r e d  to be  a  specia l  adap ta t ion  
of v iru len t  s t r e p to c o c c i  which  co u ld  b e  los t  a f te r  e x t e n s i v e  
p a s s a g e  of s t r e p to c o cc i  on artificial m e d ia  (Foley,  Sm ith  a n d  
W o od  1959;  Todd 1927c). F re sh  blood s u b s e q u e n t ly  b e c a m e  a  
s t a n d a r d  m e d iu m  in which  to s tu d y  g ro u p  A s t r e p t o c o c c a l  
p hagocy tos is  (Kass  a n d  S e a s t o n e  1944;  Morris a n d  S e a s t o n e  1955; 
R o th b a r d  1 9 4 5 a ;  R o th b a rd  1948;  R o th b a rd  a n d  W a ts o n  1948;  
S e a s t o n e  1934; Wiley and  Wilson 1956).
T h e  c o n n e c t i o n  b e t w e e n  M p r o t e i n ,  r e s i s t a n c e  to 
p h a g o c y to s i s  and  virulence  is centra l  to M p ro te in 's  fam e .  Todd  
originally s h o w e d  th a t  s t r e p to c o c c i  l a p s e d  into av iru len t  fo rm s 
following cu ltu re  on  artifical m edia ,  a n d  lost t h e  ability to grow 
in fresh blood (Todd 1927c). The  colony morphology of th e  virulent 
a n d  av iru len t  fo rm s,  r e sp ec t ive ly  d e s i g n a t e d  m at t  a n d  g lo ssy ,  
c o r r e l a t e d  with M pro te in  p ro d u c t io n ,  M p ro te in  b e in g  m o re  
a b u n d a n t  in the  matt  forms (Todd a n d  Lancefield 1928). O th e rs
in d e p e n d e n t ly  conf i rm ed  the  a s s o c ia t io n  b e tw e e n  T o d d ’s  colony 
d esc r ip t io n s ,  v iru lence  a n d  r e s i s t a n c e  to p h a g o cy to s i s .  It shou ld  
b e  noted,  however ,  that  s o m e  matt  s t ra ins  which w ere  virulent for
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h u m a n s  w e r e  avirulent  for mice;  th u s  M protein  w a s  not  sufficent  
for v iru lence  in all s p e c i e s  (Hare  1931;  Todd a n d  Lancefie ld  1928; 
W ard  a n d  Lyons  1935) .  T h e  ability to g row  in f r e s h  b lood  w a s  
d i rec t ly  l inked  to M p ro te in  p ro d u c t io n ;  s t r a i n s  t h a t  d id  not  
p r o d u c e  M protein  w e r e  u n a b le  to g row  in f resh  b lood (R o th b ard  
1 9 4 5 a ) .  During th e  c o u r s e  of s t r e p to c o c c a l  infection in h u m a n s ,  
s t r e p to c o c c i  i so la ted  a t  w eek ly  in te rvals  g radu a l ly  lost  M protein ,  
a n d  this  lo ss  w a s  a s s o c i a t e d  with g ra d u a l  lo ss  of r e s i s t a n c e  to 
p h a g o c y t o s i s  in b lood  of n a iv e - in d iv id u a t s .  In te re s t in g ly ,  t h e s e  
s t r e p t o c o c c i  r e c o v e r e d  p r o d u c t io n  of th e i r  o r ig ina l  M p ro te in  
following m o u s e  p a s s a g e  (Rothbard  a n d  W atso n  1948).
T h e  h y a lu r o n ic  a c id  c a p s u l e  of s t r e p t o c o c c i  w a s  a l s o  
a s s o c i a t e d  with r e s i s t a n c e  to p h a g o c y t o s i s .  Fol lowing B o r d e t ' s  
o b s e r v a t i o n  of a n  a n t i p h a g o c y t i c  h a lo  a r o u n d  s t r e p t o c o c c i ,  
p r e s e n c e  of a  c a p s u l e  w a s  c o n f i rm e d  in y o u n g  s t r e p t o c o c c a l  
c u l t u r e s  ( S e a s t o n e  1934) .  It w a s  c o n v e n ie n t ly  d e m o n s t r a t e d  by 
inocula t ing  n o n - im m u n e  h u m a n  b lood with s t r e p to c o c c i ,  a n d  then  
ex am in in g  a  W righ t 's  s t a in e d  s m e a r  a f te r  a  1 .5  hour  incubation .  
T h e  c a p s u l e  a p p e a r e d  a s  a  g r a n u l a r  b o r d e r  s u r r o u n d i n g  the  
s t r e p to c o c c i  ( S e a s t o n e  1934) .  C h e m ic a l  a n a ly s i s  of the  c a p s u l e  
r e v e a l e d  a  p o ly s a c c h a r i d e  c o n s i s t in g  of N - a c e ty lg lu c o s a m in e  a n d  
g lu cu ro n ic  a c id  units,  a  po ly m er  now  know n  a s  hya lu ron ic  acid. 
Unlike  t h e  p o l y s a c c h a r i d e  c a p s u l e  of t h e  p n e u m o c o c c u s ,  t h e  
h y a lu ro n ic  a c id  c a p s u l e  w a s  n e i th e r  a n t ig e n ic  nor  ty p e -spec i f ic ,  
p robably  b e c a u s e  hyaluronic  acid is a  c o m m o n  c o m p o n e n t  of m an y
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m a m m a l ia n  t i s s u e s  (Hirst 1941;  Kendall ,  H e id e lbe rg e r  a n d  D aw son  
1 9 3 7 ) .  S t r e p t o c o c c i  w h o s e  c a p s u l e s  w e r e  r e m o v e d  by a g e  
( S e a s t o n e  1 9 3 4 ) ,  h e a t in g  ( S e a s t o n e  1 9 3 4 ) ,  o r  d i g e s t e d  with 
h y a lu r o n i d a s e  ( K a s s  a n d  S e a s t o n e  1944 ;  R o th b a r d  1948)  w e re  
m ore  eas i ly  p h a g o cy t iz ed  in f resh  blood.
What , then ,  w e re  th e  relative contr ibu t ions  of M protein ,  and  
hya luron ic  a c id  in r e s i s t a n c e  to p h a g o c y t o s i s ?  B e c a u s e  M protein 
cou ld  b e  a t r a u m a t ic a l ly  r e m o v e d  from s t r e p to c o c c i  by d ig es t io n  
with t rypsin  (Lancefie ld  1943) a n d  the  c a p s u l e  by h y a lu r o n id a s e  
(Hirst  1 9 4 1 ) ,  to o ls  n e c e s s a r y  to a n s w e r  t h e  q u e s t i o n  w e r e  
ava i lab le .  A c o n s i s t e n t  p ic ture  e m e r g e d  in which lo ss  of e i the r  M 
pro te in  o r  th e  c a p s u l e  r e n d e r e d  th e  s t r e p to c o c c u s  s u s c e p t ib l e  to 
p h a g o c y t o s i s ,  b u t  t h e  c o m b i n e d  l o s s  of bo th  w a s  t h e  m o s t  
d e b i l i t a t i n g  t r e a t m e n t .  It w a s  diff icult  to  a s s i g n  a  g r e a t e r  
i m p o r t a n c e  to e i th e r  c o m p o n e n t  a c r o s s  all s e r o t y p e s ,  a n d  th e  
c o m b i n e d  a n t ip h a g o c y t ic  a c t io n  of bo th  c o u ld  no t  b e  ru led  out  
(Fo ley  a n d  W o o d  195 9 ;  Hirsch a n d  C h u r c h  1960;  Morris a n d  
S e a s t o n e  1955). B e c a u s e  e n c a p s u l a t e d  s t rep tococc i  cou ld  b e  killed 
in im m un e  blood, it w a s  s u g g e s t e d  tha t  the  M protein e x t e n d e d  far 
into th e  c a p s u le ,  e v e n  to th e  c a p s u l e ’s  o u te r  e d g e .  R e l e a s e  of M 
protein  following h y a lu r o n id a s e  t e a tm e n t ,  c o u p le d  with a b s o r p t io n  
of t y p e  s p e c i f i c  a n t i b o d i e s  by  e n c a p s u l a t e d  s t r e p t o c o c c i ,  
s u p p o r t e d  th is  s u s p ic io n  (Morris  a n d  S e a s t o n e  19 5 5 ) .  It t h u s  
a p p e a r e d  t h a t  t h e  c a p s u l e  a n d  M p ro te in  m ig h t  s t ru c tu ra l ly  
c o o p e r a t e  in con fe r r in g  r e s i s t a n c e  to p h a g o c y t o s i s .  H o w ev e r ,  a
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m e c h a n i s m  of s u c h  c o o p e ra t io n ,  if it ex is ts ,  h a s  y e t  to b e  
d e s c r ib e d .
1.2.4. KILLING IN FRESH BLOOD AND TYPE-SPECIFIC ANTIBODY. 
Although g ro u p  A s t rep tococc i  multiplied in th e  b lood of non- 
im m u ne  individuals,  b lood would s u b s e q u e n t ly  d e v e lo p  d ram a t ic  
killing ability following s t r e p to c o c c a l  infection. H o w ev e r ,  killing 
w a s  type-specif ic;  only the  st rain  iso la ted  from th e  infection w a s  
killed. It b e c a m e  c le a r  tha t  type-spec if ic  a n t ibo d ies  to the  type-  
specif ic  M prote in  w e r e  an  im por tan t  c o m p o n e n t  of immunity  
a g a i n s t  s t r e p to c o c c a l  infection, a n d  cou ld  be  m e a s u r e d  by the  
bacter ic ida l  activity of f resh  blood. So  g re a t  w a s  the  specificity 
of killing in f resh  blood tha t  Lancefie ld  c h o s e  th e  bac te r ic ida l  
t e s t  to M type  s t rep tococc i  tha t  h ad  c r o s s  reac t ing  R a n t ig en s  in 
precipitin t e s t s .  T h e  bacter ic ida l  t e s t  th u s  b e c a m e  th e  s t a n d a r d  
a s s a y  of type-specif ic  antibody, a n d  the  m ost  rigorous m ethod  of 
M typing group  A streptococci.
Following s t r e p to c o c c a l  infection, b lood d e v e l o p s  i n te n s e  
bacte r ic ida l  activity tha t  is type-spec if ic  for th e  infecting s tra in .  
T od d  d e m o n s t r a t e d  tha t  s e r u m  from a  pa t ien t  with p u e rp e r a l  
s e p s i s ,  w h e n  a d d e d  to blood of a  normal hum an ,  invoked in tense  
killing of the  infecting strain. However ,  interpretat ion of his ear ly 
d e m o n s t r a t i o n  is difficult for  m a n y  r e a s o n s .  H e  l a c k e d  
preinfection se ra ;  h e  did not  d e m o n s t r a te  growth of the  isola te  in 
norm al  blood;  he  fai led to d e te c t  i n c r e a s e d  phagocy t ic  activity; 
s e r a  w a s  o b t a i n e d  d u r ing  a c u t e  s e p i s ,  too  s o o n  for  t h e
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d e v e l o p m e n t  of t y p e - s p e c i f i c  a n t i b o d i e s  f rom  t h e  c u r r e n t  
infection. But h e  s h o w e d  th a t  th e  d e r iv e d  g lo s sy  v a r ia n t  w a s  
killed le s s  in th e  p r e s e n c e  of th e  p a t i e n t ' s  s e r u m  th an  th e  
original  vi rulent  o rg an ism .  This  s u g g e s t s  tha t  h e  w a s  de te c t in g  
anti-M protein an t ib od ies  tha t  found ta rg e ts  on  th e  virulent strain 
tha t  w e re  a b s e n t  on th e  g lossy  variant  (Todd 1927a).  S o m e  y e a r s  
l a t e r ,  S e a s t o n e ,  u s i n g  h i s  o w n  b lo o d  to  d e m o n s t r a t e  
a n t ip h a g o c y t ic  p r o p e r t i e s  of the  s t r e p to c o c c a l  h ya lu ron ic  ac id  
c a p s u l e ,  a cc id en ta l ly  in fec ted  h imself  with t h e  i so la te  h e  w a s  
studying. Fortunate ly  he survived to d o c u m e n t  an  in tense  increase  
in th e  ty p e - s p e c i f i c  b a c te r ic id a l  act ivi ty of his  b lood  to th e  
isolate ( S e a s to n e  1934). More ex tens ive  s tud ies  by Lyons a n d  Ward 
s h o w e d  th a t  p ro tec t ion  a g a i n s t  p e r i to n e a l  c h a l l e n g e  cou ld  be  
a c h i e v e d  in mice  by p a s s iv e  immunization.  However ,  r e s i s t a n c e  
w a s  s t r ic t ly  t y p e - s p e c i f i c ,  r e q u i r in g  s e r a  f rom  a r a b b i t  
im m u n ize d  with t h e  h o m o lo g o u s  s t ra in .  R e s i s t a n c e  c o r r e l a t e d  
with i n c r e a s e d  p h a g o c y to s i s  of per i tonea l  neutrophi ls  (Lyons an d  
W a rd  193 5 ) .  He a n d  his  c o w o r k e r s  s h o w e d ,  by a b s o r b t io n  
e x p e r im e n t s ,  th a t  the  ty p e -spec i f ic  o p s o n iz a t io n  w a s  p robab ly  
d i r e c t e d  a g a i n s t  M pro te in .  In te res t ing ly ,  o n e  of t h e m  a l s o  
e x p e r i e n c e d  s t r e p to c o cc a l  pharyngi t is  with the  i so la te  they  w e re  
s tudying ,  a n d  similarly e x p e r i e n c e d  an  i n c r e a s e  in type-spec if ic  
bac ter ic ida l  act ivity in b lood. They  s h o w e d  tha t  infants  lacked  
b a c te r i c id a l  act iv ity  to m o s t  s t r e p to c o c c a l  i s o l a t e s .  H o w ev e r ,  
a d u l t s  p o s s e s s e d  the  ability to kill pa r t icu la r  i so la te s ,  a l though
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e a c h  adu l t  killed dif ferent  i so la te s ,  p r e s u m a b ly  a s  a  resu l t  of 
d ifferent  individual e x p o s u r e  ove r  th e  y e a r s .  E ac h  i so la te  th u s  
exhibi ted  a  different profile of killing in a  pane l  of 5 adult  blood 
d o n o rs  (Lyons a n d  W ard  1935). Hirst a n d  Lancefield then  sh o w ed  
th a t  p r e p a r a t io n s  of M protein  could  be  u s e d  to act ively  a n d  
p a s s iv e ly  im m unize  m ice  a g a i n s t  s t r e p to c o c c a l  c h a l l e n g e .  T he  
immunity  w a s  e s se n t ia l ly  ty p e - sp ec i f ic  in p a s s iv e ly  t r a n s fe r r e d  
a n t ib o d y .  Active  im m un iza t ion  w a s  a l s o  p r e d o m in a n t ly  type-  
spec i f ic ,  a l th o u g h  a n  e l e m e n t  of c r o s s  p ro te c t io n  co u ld  b e  
o b se rv e d  (Hirst a n d  Lancefield 1939).
B e c a u s e  of its p robab le  im portance  in immunity, much effort 
w a s  the re fo re  s p e n t  to d ev e lo p  t e c h n iq u e s  to d e te c t  type-specif ic  
a n t ib o d y  in p e o p le ;  u l t imately ,  t h e  b a c te r i c id a l  t e s t  b e c a m e  
a c c e p t e d  a s  th e  m o s t  rel iable a s s a y .  M e a s u r e m e n t  of anti-M 
protein an t ib o d ies  in peop le  w a s  a t t em p ted  by a variety of o ther  
m e t h o d s ,  b u t  n o n e  w a s  a l t o g e t h e r  s a t i s f a c t o r y .  R o t h b a r d  
s u m m a r i z e d  th e  sh o r tc o m in g s  a s  follows; agg lu t ina t ion  rea c t io n s  
w e r e  non-spec i f ic ;  precipit in  t e s t s  r e s u l te d  in c r o s s  rea c t io n s ,  
a n d  a b s o r p t io n  with h e t e r o l o g o u s  a n t i s e r a  e l im in a te d  ty p e -  
specif ic  precipita tion;  m o u s e  pro tec t ion  t e s t s  w e r e  a c c u r a t e  but  
could  only b e  applied to m o u s e  virulent s trains , a n d  required  large 
v o lu m e s  of high t iter  se ra ;  d irec t  m e a s u r e m e n t  of o pso n iza t io n  
c o u ld  b e  difficult to  in te rp re t  (R o th b a rd  1 9 4 5 a ) .  To g a th e r  
se ro lo g ic  e v id e n c e  for type-spec if ic  immunity , Kuttner  r e c o r d e d  
th e  d e v e l o p m e n t  of b a c te r ic id a l  act ivity of f r e s h  b lood in a
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c h i ld re n ' s  inst itution w h e r e  per iod ic  e p id e m ic s  of s t r e p to c o c c a l  
pharyngi t is  occu r red  (Kuttner a n d  Lener t  1944). From her resu l ts  
it w a s  c lea r  that  blood b e c a m e  bac te r ios ta t ic  for the  hom ologous  
s t r a in  p o s t  in fec t ion ,  w h e r e a s  a  h e t e r o l o g o u s  s t r a in  would  
multiply. How ever ,  only b a c te r io s t a t i c  (not bac ter ic ida l)  activity 
cou ld  b e  d e m o n s t r a t e d  ag a in s t  the  h o m o lo g ou s  s t ra ins .  This  may 
h a v e  b e e n  d u e  to he r  failure to ro ta te  the  t u b e s  e n d -o v e r -e n d ,  
which Todd  had  e m p h a s i z e d  w a s  n e c e s s a r y  for effect ive  killing 
(Kuttner  a nd  Lenert  1944; Todd 1927b). However, Rothbard ,  who 
ro ta ted  th e  t u b e s  a s  he  w a s  s u p p p o s e d  to, a d d e d  s e r u m  from 
c o n v a l e s c i n g  p a t i e n t s  to b lo o d  of i n f a n t s  in w h ic h  t h e  
s t r e p to c o c c i  norm al ly  multiplied (indirect  bac te r ic ida l  tes t ) .  He 
d e m o n s t r a t e d  t h a t  s e r u m  from p a t i e n t s  initially l a c k e d  type-  
spec i f ic  an t ibody ,  but  tha t  strictly type-spec if ic  killing could  b e  
d e m o n s t r a t e d  s o m e  w e e k s  following infection. T he  type-spec if ic  
n a tu re  of the  killing w a s  confi rm ed  by a b so rb in g  out  th e  type-  
specif ic  an t ib o d ie s  with killed h o m o lo go u s ,  bu t  not h e te ro lo g o u s ,  
s t r e p to c o c c i .  In addit ion,  a b so rb t io n  by M g ro u p s ,  a n d  not  T 
( a g g l u t in a t i o n )  g r o u p s ,  s p e c i f i c a l l y  e l i m i n a t e d  b a c t e r i d a l  
activi ty, confi rm ing  th a t  M prote in  w a s  th e  t a r g e t  of type-  
specif ic  an t ibody .  How ever ,  b e c a u s e  s t r a in s  lacking M protein  
c o u ld  not  g row  in f re sh  in fan t 's  b lood,  th e  a s s a y  w a s  only 
app l icab le  to de tec t ion  of an t ibodies  to s t ra ins  carrying M protein 
( R o th b a r d  1 9 4 5 a ) .  More  d e ta i l e d  s tu d y  r e v e a l e d  t h a t  killing 
required  leukocytes ,  com plem en t ,  a n d  a  hea t  s tab le  c o m p o n e n t  of
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p la s m a .  Ca lc ium  binding a n t i c o a g u la n t s  d i s r u p te d  p h a g o c y to s i s  
w h e r e a s  killing p ro ce ed e d  in the  p r e s e n c e  of heparin. Human blood 
cel ls  w e re  n e c e s a r y  to d e te c t  an t ibod ies  in h u m a n  se ra ;  cel ls of 
o th e r  animal  s p e c i e s  w e re  ineffective with hu m an  s e r a  (Rothbard  
1 94 5 b ) .
The u s e fu ln e s s  of the  bactericidal  t e s t  e x c e e d e d  th e  m o u s e  
p ro tec ion  tes t .  T h e  m o u s e  protection t e s t  w a s  hitherto the  m os t  
re l iab le  w a y  to d e m o n s t r a t e  ty p e - sp ec i f i c  an t ib o d y ,  b u t  w a s  
s e v e r e ly  limited by requir ing  m o u s e  virulent  s t r a in s .  B e c a u s e  
m an y  m o u s e  aviru lent  s t rep tococc i  g rew  rapidly in f resh  h u m an  
blood,  th e  bacter ic ida l  te s t  w a s  well su i ted  to t h e s e  s t ra ins .  In 
add i t ion ,  with e s t a b l i s h e d  s e r a  of high ty p e -sp ec i f ic  an t ib od y  
titer,  bac te r ic ida l  t e s t s  a g r e e d  well with m o u s e  pro tec t ion  t e s t s  
(Maxted 1956). B e c a u s e  of its high specificity, Lancefield herself  
u s e d  the  bacter ic ida l  t e s t  to d ifferentia te  s t rep tococc i  which had  
a  c ro s s  react ing R antigen  in precipitin te s ts .  S h e  con c lu d ed  that  
t h e  b a c te r i c id a l  t e s t  d i s t in g u i s h e d  s t r e p to c o c c i  with a  high 
d e g r e e  of accuracy ,  a n d  w a s  superior  to m o u se  protection te s t s  in 
m e a su r in g  type-specif ic  an t ibody  (Lancefield 1957).
1.2.5. THE STUDY OF M PROTEIN BY MODERN TECHNOLOGY. 
Medical  s c i e n c e  h a s  a n a ly z e d  M protein  with all the  too ts  of 
m odern  technology;  the  s t rep tococca l  su r face  h a s  b e e n  d e sc r ib e d  
by electron microscopy; the  type 6 M protein h a s  b e e n  m a p p e d  by 
X-ray diffraction; a  m olecu la r  b a s i s  for M p ro te in 's  r e s i s t a n c e  to 
p h a g o c y to s i s  h a s  b e e n  p roposed ;  M protein m olecu les  h a v e  b e e n
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p ro b ed  with m onoclona l  an t ibod ies ;  M protein g e n e s  h a v e  b e e n  
cloned, s e q u e n c e d ,  a n d  mutated.  Today, the  earlier contributions of 
Lancefield  a n d  her  c o n te m p o ra r ie s  a r e  all but  forgotten.  But the  
so l id  fo u n d a t io n  laid by L a n c e f i e ld ' s  g e n e r a t i o n  m a d e  th e  
s u c c e s s e s  of modern  technology possible .
T he  early  d iges t ion  a n d  absorb t ion  s tu d ies  s u g g e s t  tha t  M 
protein is loca ted  on th e  su r fa ce  of th e  s t r e p to c c c u s ,  ex tend ing  
far  into th e  c a p su le .  Electron m icroscopy  r e v e a l s  tha t  g roup  A 
st reptococci  a re  indeed  co v e red  by a fuzzy co a t  of fimbrae. With 
c o n f id e n ce  o n e  c a n  a s s e r t  tha t  M protein c o m p r i s e s  par t  of this 
coa t :  M protein posi t ive (M+) s t ra ins  p o s s e s s  the  layer, w h e r e a s  
variants  of th e s e  s t ra ins  that  have  b e c o m e  M protein negat ive  (M-) 
do  not; th e  layer d i s a p p e a r s  following trypsin d iges t ion ;  ferritin 
lab e l le d  ty p e - sp ec i f ic  a n t ib o d ie s  b ind to t a r g e t s  in th e  fuzzy 
layer  on h o m o log o us  s t rep tococc i  (S w anson ,  Hsu a n d  Gotschlich  
1969). T h e  3 d im ens iona l  s t ruc tu re  of the  phage- lys in  e x t ra c te d  
type  6 M protein rev e a l s  a  d imer  in an  a lpha-hel ica l  coiled-coil 
a r ra n g em e n t .  T he  isolated f imbrae a re  50 nm in length. F ragm en ts  
of th e  protein  e x t ra c ted  by peps in  or d e te r g e n t  a r e  substant ia l ly  
sho r te r  (Phillips et  al. 1981).
The ability of M protein to res is t  p h a g o cy to s is  h a s  rece ived  
m uch  at tent ion;  o n e  m e c h a n i sm  of an t iphagocyt ic  activity a p p e a r s  
to a r i s e  from i n t e r f e r e n c e  with th e  a l t e r n a t e  p a th w a y  of 
c o m p le m e n t  act ivat ion.  P ep t idog lycan  of s t r e p to c o cc a l  cell walls 
is a  p o t e n t  a c t iv a to r  of t h e  a l t e r n a t e  c o m p l e m e n t  p a th w a y
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(Greenblat t ,  Boackle a n d  S c h w ab  1978; T aube r  e t  al. 1976; Tauber,  
Polley a n d  Z abr isk ie  1976).  This ac t ivat ion l e a d s  to the  rapid 
p h a g o c y to s i s  of M- s t rep to co cc i  (Bisno 1979).  However ,  in the  
a b s e n s e  of t y p e - s p e c i f i c  a n t ib o d y ,  M+ s t r e p t o c c c i  a c t i v a t e  
c o m p l e m e n t  to a  m uch  l e s s e r  d e g r e e  a n d  re s i s t  p h a g o c y to s i s  
(Bisno 1979; P e te r s o n  et  al. 1979). This r e s i s tan c e  to co m p lem e n t  
a n d  p hago cy to s i s  c a n  be  rem oved  by tryptic or peptic  d iges t ion  of 
M+ s treptococci ,  i.e. by removing the  M protein from the  cell wall 
(Bisno 1979). Fur the rm ore ,  C3 is d e p o s i t e d  c ircumferent ial ly  on 
M- s t r e p to co cc i ,  but  only in p a t c h e s  on  M+ s t rep to co cc i .  This  
d e c r e a s e s  the  nu m ber  of l igands on  th e  M+ s t rep tococc i  to which 
n e u t r o p h i l s  b ind  ( J a c k s - W e i s s ,  Kim a n d  C le a ry  198 2 ) .  T h e  
im pa ired  C3 d ep os i t io n  on s t r e p to c o c c i  a p p e a r s  to involve th e  
s a m e  m e c h a n i s m  th a t  p rev e n ts  C3 depos i t ion  on  h o s t  cel ls .  M 
protein a n d  M+ s t rep tococc i  avidly bind c o m p lem e n t  control factor 
H, which is normally only bo un d  by hos t  t i s sues .  Factor  H leads  to 
th e  d issoc ia t ion  of the  C3b,Bb complex,  which normally a c t s  a s  a  
ligand for th e  neutrophil.  C3b  b e c o m e s  a c c e s s ib le  to inactivation 
by c o m p l e m e n t  control  fac tor  I, lead ing  to its d e g ra d a t io n  a n d  
d i s so c ia t io n  from th e  s t r e p to c o c c a l  s u r f a c e .  T h e  s t r e p to c o c c a l  
su r face  now lacks recep to rs  to which the  neutrophil c an  bind, thus  
p rev e n t in g  p h a g o c y t o s i s  (H o rs tm an n  e t  al. 1988) .  Binding of 
f ibrinogen to the  c o n s e r v e d  region of M protein m ay  a lso  block 
c o m p lem en t  deposi t ion  (Whitnack and  B e ac h ey  1982).
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T h e  re s i s t a n c e  of M+ s t reptococc i  to p h ag o cy to s i s  is lost in 
the  p r e s e n c e  of type-specif ic  antibody ag a in s t  M protein, but  such  
type -sp ec i f ic  p ro tec t ion  is na rrow  b e c a u s e  of m an y  exis t ing  M 
ty p es .  W h en  type-spec if ic  an t ibody  is avai lab le ,  p h a g o c y to s i s  is 
r ap id  d u e  to  a  c i r c u m f e r e n t i a l  d e p o s i t i o n  of C 3  on  th e  
s t r e p t o c o c c a l  cell wall. T y p e - s p e c i f i c  a n t ib o d y  a lo n e  is not  
su f f ic ien t  to p h a g o c y t i z e  g r o u p  A s t r e p to c o c c i ;  t h e  c l a s s i c a l  
p a th w a y  of c o m p le m e n t  a p p e a r s  to b e  n e c e s s a r y  ( J a c k s -W e is s ,  
Kim a n d  Cleary 1982). This confirms th e  early dem ons t ra t ion  by 
R o t h b a r d  t h a t  o p s o n i z a t i o n  of M+ s t r e p t o c o c c i  r e q u i r e s  
c o m p l e m e n t  a n d  an t ibody  (R o th b ard  1945b) .  T h e  variability of 
different  ty p e s  of M protein a p p e a r s  a s  g re a t  d i f fe rences  in s ize  
b e tw e e n  M pro te ins  of different types ,  a n d  s o m e t im e s  d i f fe rences  
in s t ra ins  of the  s a m e  M type, but  only from different o u tb reaks .  
M protein m olecu les  from the  s a m e  ou tb reak  d o  not  vary, nor d o e s  
v a r ia t io n  o c c u r  in s t r a in s  p a s s a g e d  e x te n s iv e ly .  T h u s  s i z e  
v a r i a t io n  in M p ro te in  m o l e c u l e s  is no t  rap id ly  evo lv ing  
(Fischetti ,  J o n e s  a n d  Scott  1985).
S tu d ie s  with m onoclona l  an t ib o d ie s  h a v e  r e v e a le d  tha t  the  
am in o  half of the  M protein molecu le ,  the  half ex tend ing  aw ay  
from the  s t r e p to c o c c u s ,  v a r ie s  g rea t ly  b e tw e e n  M ty p es .  T he  
c a r b o x y  half, e x te n d in g  to w a rd s  th e  cell wall, is c o n s e r v e d  
b e tw e e n  M types .  Monoclonal  an t ib o d ies  to th e  c o n s e r v e d  region 
reac t  to severa l  ty p es  of M protein ( J o n e s  e t  al. 1986; J o n e s  e t  al. 
1985 ;  Manju la  e t  a!. 1986). H ow eve r ,  only a n t ib o d ie s  to th e
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v a r i a b l e  a m in o  te rm in a l  half  a r e  o p s o n i c .  C r o s s  r e a c t iv e  
a n t ib o d ie s  d i rec ted  a g a in s t  the  carboxy  half of t h e  m olecu le  a re  
u n a b le  to o p s o n i z e  s t r e p to c o c c i  (F ische t t i  a n d  W ind e ls  1988;  
J o n e s  a n d  Fischetti  1988). The  e x ac t  r e a s o n  for opson ic  failure of 
an t ibod ies  to the  c o n se rv e d  region is unclear .  It may be  rela ted to 
th is  r e g i o n ' s  abi l i ty  to b ind  c o m p l e m e n t  con tro l  f a c to r  H, 
p revent ing  the  deposi t ion  of c o m p lem e n t  (Hors tm ann  e t  al. 1988). 
In addit ion, f ibrinogen b inds to the  c o n s e r v e d  region of s o m e  M 
protein molecules ,  a n d  may block antibody binding (Whitnack, Dale 
an d  B eachey  1984).
Molecular  biology of g roup  A s t rep tococc i  h a s  r ev e a le d  not 
only variable  g e n e s  coding for Lancefield 's  M s u b s ta n c e ,  but  a lso  
subfamil ies  of M protein g e n e s .  Cloning a nd  exp ress ion  of the  type 
6 s t rep tococca l  M protein in Escherichia coli p ro d u c e s  a  protein 
ident ica l  to th e  na t ive  M protein.  Using th e  bac te r ic ida l  tes t ,  
type -spec i f ic  a n t ib o d ie s  a r e  d e m o n s t r a b l e  in rabb i t s  v a c c in a te d  
with th e  e x p r e s s e d  pro te in  (F ische t t i  e t  al. 1984;  S c o t t  a n d
Fischett i  1983). T h e  C terminal  s e q u e n c e  re v e a l s  a  hydrophobic  
m e m b r a n e  anchor ,  followed by a  proline rich region that  s p a n s  the  
cell wall. T h e  bulk of th e  m o lecu le  c o n s i s t  of 3 s e c t i o n s  of
re p e a t in g  b locks  of am in o  acid  s e q u e n c e s .  A 7 am in o  acid
pe r iod ic i ty  p e r s i s t s  t h ro u g h o u t ,  w h e re in  th e  first a n d  fourth
am ino  a c i d s  a r e  hydrophobic .  Overal l,  the  primary s e q u e n c e  is 
c o n s i s t e n t  with a n  a l p h a  he l ica l  co i led -c o i l  ( H o l l in g s h e a d ,  
Fischett i  a n d  Sco t t  1986). C om p ar i so n  of multiple M pro te ins
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conf i rm s  th a t  th e  ca rb o x y  third of t h e  m o lecu le  is c o n s e r v e d ,  with 
9 5 %  hom ology  a c r o s s  M typ es .  The  amino half of th e  m olecu le  is 
v a r i a b l e  ( H o l l i n g s h e a d ,  F i s c h e t t i  a n d  S c o t t  1 9 8 7 ;  S c o t t ,  
H o l l ingshead  a n d  Fischetti  1986). F e a tu r e s  of M protein  g e n e s  a r e  
s h a r e d  with o th e r  s t r e p t o c o c c a l  s u r f a c e  p r o t e in s ,  including  t h e  
s e v e n  a m in o  ac id  periodici ty  a n d  a  highly c o n s e r v e d  s e q u e n c e  
(L SPT G E ) c lo s e  to t h e  m e m b r a n e  a n c h o r  a t  th e  c a rb o x y  termina l  
(Fischett i ,  Pancho l i  a n d  S c h n e e w in d  1991).  In s o m e  c a s e s ,  th e  M 
p r o t e i n  a n d  F c - r e c e p t o r s  g e n e s  m a y  h a v e  r e s u l t e d  f rom 
dupl ica t ion  of a n  a n c e s t r a l  g e n e  (H eath  a n d  C lea ry  1989) .  More 
r e c e n t  s tudy  of m any  s t rep toco cca l  M typ es  s h o w s  M protein g e n e s  
a r e  g r o u p e d  in c lu s t e r s  of 1, 2 or  3 g e n e s  d o w n s t r e a m  from a  
c o m m o n  p ro m o te r .  An M pro te in  g e n e  m ay  b e lo n g  to 1 of 4 
s u b f a m i l i e s .  S u b fa m i ly  1 (SF-1 ) ,  which  in c lu d e s  M6, p r o b a b ly  
r e p r e s e n t s  a n  a l le le  th a t  e v o lv e d  direc tly  from th e  a n c e s t r a l  M 
p ro te in  g e n e .  S t r e p to c o c c i  carry ing  SF-1 a l l e le s  a r e  d e s i g a t e d  
c l a s s  I, a n d  a r e  m o r e  f r e q u e n t ly  a s s o c i a t e d  with v i r u le n c e  
( H o l l i n g s h e a d  e t  a l.  1 9 9 3 ) .  O v e ra l l  9 d i f f e r e n t  p a t t e r n s  of 
subfamily  c lu s te r s  h a v e  b e e n  d e m o n s t r a te d .  T h e s e  p a t t e r n s  m ay  be  
t h e  p r o d u c t  of s u c c e s s i v e  g e n e  d u p l i c a t i o n s ,  o r ig ina t in g  with 
duplicat ion of th e  a n c e s t r a l  SF-1 g e n e  (Hol l ingshead  et  al. 1994).
1.3. STREPTOCOCCUS ZOOEPIDEMICUS AND M PROTEIN.
W e  m u s t  now  re turn  to the  h o rse ,  a n d  c o n s i d e r  similari t ies  
b e t w e e n  g r o u p  A a n d  g r o u p  C s t r e p to c o c c i .  S t r e p t o c o c c u s  
zoo ep id em icu s  r e p r e s e n t s  th e  bulk of i s o l a t e s  in L a n c e f i e ld ’s
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g ro u p  C. J u s t  a s  t h e  g ro u p  A s t r e p to c o c c i  a r e  i so la ted  from 
s u p p u r a t i v e  a n d  s e p t i c e m i c  c o n d i t i o n s  in h u m a n s ,  s o  S  
zooepidem icus  is i so la ted  from sim ila r  c o n d i t io n s  in a n im a l s ,  
e sp e c ia l ly  h o r s e s .  S in c e  its inception ,  s t r e p to c o c c a l  i so la t e s  from 
th e  e q u in e  u te ru s  h a v e  b e e n  rec o g n iz e d  a s  im portan t  m e m b e r s  of 
L ancef ie ld 's  g ro u p  C. Unlike t h e  g ro u p  A, h o w ever ,  i so la te s  of S  
z o o e p i d e m i c u s  a r e  u s u a l ly  n o t  p r im a r y  p a t h o g e n s ,  b u t  
c o m m e n s a l s ,  f r e q u e n t ly  a p p e a r i n g  a s  o p p o r t u n i s t i c  i n v a d e r s .  
Although S zooepidemicus rarely c a u s e s  d i s e a s e  in h u m a n s ,  w hen  
it d o e s  t h e  c linical  p ic tu re  is i n d i s t i n g u i s h a b le  f rom g r o u p  A 
s t r e p t o c o c c a l  in fec t ion .  O n e  is t h e r e f o r e  inev i tab ly  led  to th e  
q u e s t io n ,  d o e s  S zooepidemicus  ca rry  a n  M p ro te in?  Athough a t  
first g l a n c e  it would  s e e m  a n  e a s y  q u e s t io n  to a n s w e r ,  it quickly 
b e c o m e s  c o m p l i c a t e d .  For  t h e  M p r o t e in  of t h e  g r o u p  A 
s t r e p to c o c c i  is no t  a  s ing le  p ro te in ,  but  a  typ ing  s y s t e m .  To 
iden t i fy  M p r o t e i n  o n  t h e  g r o u p  C s t r e p t o c o c c i  r e q u i r e s  
d e v e l o p m e n t  of a  s imilar  typing s y s t e m  u s ing  a c id  e x t r a c t s  or 
b a c te r ic id a l  t e s t s .  A m o le c u la r  a p p r o a c h  to ident if icat ion  of M 
protein ,  o u t s id e  th e  f ram ew ork  of s u c h  a  sy s te m ,  is difficult.
Early in th e  2 0 t h  cen tu ry ,  th e  h o r s e  w a s  still a n  an im al  of 
w ar ,  a n d  e p id e m i c s  of e q u in e  re sp i ra to ry  d i s e a s e  cou ld  cr ipp le  
a rm y  d iv is ions  relying on h o r s e s  for c ava l ry  or  d rau g h t .  T h us ,  
un l ike  t o d a y ,  r e s e a r c h  on  e q u i n e  d i s e a s e s  e n j o y e d  mil i tary 
f in an c ia l  s u p p o r t .  In t h e s e  e a r ly  s t u d i e s ,  s t r e p t o c o c c i  w e r e  
c o m m o n l y  i s o l a t e d  f rom  c a s e s  of r e s p i r a to r y  a n d  s e p t i c e m i c
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d i s e a s e .  However ,  while m any  c a s e s  of in f luenza  te rm in a ted  in 
s e v e r e ,  a n d  s o m e t i m e s  f a t a l  s t r e p t o c o c c a l  p n e u m o n i a ,  
s t rep tococc i  could  not  t ransmit  the  condition. In addit ion, normal 
h o r s e s  ca r r ied  hemolyt ic  s t rep to co cc i  in the  n a sa l  m u c o s a  a n d  
throat .  T h us  s t r e p to c o c c a l  resp ira tory  infections,  it w a s  a rg u e d ,  
r esu l te d  from p red isp o s in g  fac tors ,  su c h  a s  viral infection, poor 
e n v i r o n m e n t  a n d  s t r e s s  ( J o n e s  1919) .  Early  on,  th e  e q u in e  
p a t h o g e n  S equi w a s  d i s t in g u i s h e d  by its fai lure to f e rm e n t  
lac tose ,  sorbitol a n d  t r eha lo se ,  a n d  by its strict a s soc ia t io n  with 
th e  d i s e a s e  known a s  e q u ine  s t r a n g le s  (E d w ard s  1933; E d w ard s  
1934) .  T h e  g r e a t  major i ty  of e q u i n e  s t r e p t o c o c c a l  i s o la t e s ,  
including i s o l a t e s  from e q u in e  en d om etr i t i s ,  f e r m e n te d  l a c to s e  
a n d  sorbitol,  but  not  t r e h a lo s e .  Similarly, t h e  g r e a t  majority of 
pyogen ic  s t rep tococc i  from o th e r  a n im a ls  (excluding the  g roup  B 
s t rep tococc i  of bovine  masti t is)  s h a r e d  this fe rm en ta t ive  pa t tern .  
T h u s  a  wide  variety  of s t rep to c o cc a l  infections in an im a ls  w ere  
attributable to the  s a m e  organism, now known a s  S zooepidemicus 
(Farrow  a n d  Collins 1984;  Rot ta  1984) .  B e c a u s e  of its clinical 
similarit ies to the  group  A s t re p to c o c c u s  it w a s  r e g a r d e d  a s  the  
“animal pyogenes " (S h e rm an  1937). W hen Lancefield serological ly 
defined the  animal  streptoccci  a s  group  C, m ore  than 90%  of her 
i so la te s  w e r e  S zooepidem icus, including 4 i so la te s  from the  
e q u in e  uterus.  W hen Edwards  confirmed Lancefield 's  g ro up s  A and  
C, similar ly  m o re  t h a n  9 0 %  of g r o u p  C c u l tu r e s  w e r e  S  
zooepidem icus. More than  half of t h e s e  w ere  i so la tes  from the
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equ ine  uterus,  the  s a m e  isolates he  a n d  Dimock had  o b ta ined  from 
th e  su rvey  of Kentucky breeding fa rm s d e sc r ib e d  a t  the  beginning 
of this  c h a p te r .  T h u s  R e b e c c a  Lancefie ld  a n d  the  p i o n e e r s  of 
e q u i n e  e n d o m e t r i t i s  briefly c r o s s e d  p a t h s  ( E d w a r d s  1 9 3 3 ;  
E d w ards  1934;  Lancefield 1933).
Infection of h u m a n s  by S zooepidemicus  is extremely rare, 
but  w h e n  it o c c u r s  a  se r io u s  infection re su l ts  which is clinically 
in d is t ing u ishab le  from g ro u p  A s t r e p to c o c c a l  infection.  Early 
work s u g g e s t s  that  hum an  d i s e a s e  d u e  to $  zooepidemicus n e v e r  
o c cu rs  (Brown 1937; E dw ards  1934),  but  this is now known to b e  
un t rue .  T h e  m o s t  c o m m o n  s o u r c e  of h u m a n  infection by S 
zooepidem icus  is c o n s u m p t io n  of improperly  p a s t e u r i z e d  milk, 
r e s u l t i n g  in m i l k b o r n e  s o r e  t h r o a t .  S o m e t i m e s  a c u t e  
g lom eru lonephr i t is ,  a  c la s s ic  g ro up  A s t re p to c o cc a l  s e q u e l a ,  m ay  
fol low. T h e s e  o u t b r e a k s  h a v e  b e e n  t h e  r e s u l t  of fa i led  
p a s teu r iza t io n  (Duca  e t  al. 1969),  or  a  g e n e ra l  public knowingly 
c o n su m in g  u n p a s te u r iz e d  milk a s  a  “health  fo od ” (B arnham  et  al. 
1989; B arnham ,  Thornton an d  Lange  1983; E dw ards  a n d  Roulson 
1988). In o ther  p a r t s  of the  world, pork h a s  b e e n  identified a s  a  
veh ic le  of hu m an  infection with S zooepidem icus. (Yuen et al.
1990).  C lo se  h um an  c o n tac t  with h o r s e s  h a s  b e e n  a s s o c i a t e d  with 
p n e u m o n i c  p leu r i t i s  d u e  to S z o o e p i d e m i c u s , c l in ica l ly  
ind is t ingu ishab le  from c la s s ic  g ro u p  A s t r e p to c o c c a l  p n e u m o n ia  
(Rose ,  Allen a n d  Witte 1980).
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The  q u e s t io n  "Do e q u in e  u te r in e  u te r ine  i so la t e s  of S 
zooepidemicus carry M protein?" b e c o m e s  a  natural  o n e  to a sk  for 
s ev e ra l  r e a s o n s :  S zooepidemicus a nd  the  g ro u p  A s t reptococc i  
c a u s e  s imilar  d i s e a s e s  within their  h o s t s ;  e x t e n s i v e  work in 
endom etr i t i s  f o c u s s e s  on p h a g o c y to s i s  of S zooepidemicus b y  
n e u tro ph i ls ;  t h e r e  is no se ro lo g ic  typing s y s t e m  in u s e  to 
d i f fe ren t ia te  a n d  ep idem iolog ica l ly  t rac k  d if feren t  s t r a in s  of S  
zooepidemicus. Lancefield c o m m e n te d ,  in 1941, tha t  preliminary 
s tu d i e s  s u g g e s t e d  th a t  a  t rypsin labile, type-spec if ic  s u b s t a n c e  
ex is ted  a m o n g  group  C st ra ins  (Lancefield  1941).  However ,  m ore  
r e c e n t ly ,  M o o re  a n d  B r y a n s  d e m o n s t r a t e d  a  t y p e - s p e c i f i c  
s u b s t a n c e  in equ ine  i so la tes  of S zooepidemicus which could be  
u s e d  a s  th e  b a s i s  of a  typing sy s tem .  Using ac id  e x t r a c t s  they  
r e p e a t e d  Lancef ie ld 's  de m o n s t ra t io n  of imm unoprec ip i ta t ion  using 
hom ologous ,  but  not  h e te ro lo go u s  an t i se ra .  Of 155 cul tures ,  8 
a n t i s e r a  s u c c e s s f u l ly  d e f in e d  52 i so la t e s  (M oore  a n d  B ry a n s  
1969) .  U n fo r tun a te ly  their  work,  unl ike  L a n c e f ie ld ' s ,  w a s  a n  
i s o l a t e d  d e m o n s t r a t i o n .  T h e r e  w e r e  no  m o u s e  p ro tec t io n  or 
b a c t e r i c i d a l  t e s t s  r e s u l t s  to i n d e p e n d e n t l y  c o n f i r m  th e i r  
s e r o t y p e s .  Their  typing s e r a  w e r e  n e v e r  widely  u s e d  in 
s u b s e q u e n t  e p id e m io lo g ic  i n v e s t ig a t io n s  by o t h e r s ,  a n d  w e r e  
s u b s e q u e n t ly  d i s c a rd e d  (Timoney et  al. 1995).  N ev e r th e le s s ,  their 
work c o m e s  tantalizingly c lo s e  to d e m o n s t ra t in g  an  M protein in 
e q u in e  iso la tes  of S zooepidem icus  in the  spirit of Lancefield. It
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is e spec ia l ly  in teres t ing that  29  of the  i so la te s  which they  typed 
originated from the  e q u in e  uterus.
Attempting to identify a n d  c lo n e  a n  M-like protein  of S 
zooepidemicus, without th e  f ram e  work of well d e f in ed  typing 
s e r a ,  is difficult. M utanolys in  d ig es t io n  of S zo o ep id em icu s  
r e l e a s e s  a  n u m b e r  of potent ia l ly  M-like p ro te in s ,  which differ 
su b s ta n t ia l ly  b e tw e e n  i so la t e s  in m o lecu la r  weigh t ,  s u g g e s t in g  
g r e a t  p o t e n t i a l  a n t i g e n i c  va r iab i l i ty  b e t w e e n  s t r a i n s  of S 
zooepidem icus  (T im oney  a n d  M ukh ta r  199 2 ) .  O n e  of t h e s e  
p ro te in s ,  w h e n  in je c te d  into g u i n e a  p igs ,  p r o d u c e s  o p s o n i c  
a n t i s e r a  to S zooepidemicus  in a  modif ied  b a c te r ic id a l  t e s t  
(Timoney a n d  Mukhtar 1992). The s a m e  protein from a  strain of S 
zooepidem icus  (W60) w a s  c loned  in E coli a n d  s e q u e n c e d  
(Timoney e t  al. 1995). W hen mice w ere  immunized with the  E coli 
r e c o m b i n a n t  t h e y  w e r e  p r o t e c t e d  a g a i n s t  t h e  o r ig in a l  S  
zooep idem icus  strain, but not aga ins t  S equi. This c lon ed  M*like 
r e c o m b in a n t  p ro te in ,  now  know n a s  th e  S zo o ep id em icu s  
p r o t e c t i v e  protein (SzP) ,  w a s  presumptively  identified in m any  of 
th e  Moore a n d  B ryans  s t ra in s  by the  p o ly m e ra s e  cha in  reaction.  
However ,  th e  variation in S z P  s e q u e n c e s  b e tw e e n  W 60 a n d  the 
M oore  a n d  B ryans  i so la te s  is conf ined  to a  small hype rva r iab te  
reg ion  in th e  c e n t e r  of t h e  m o lecu le  which d o e s  no t  e x te n d  
th roughou t  th e  N termal half like the  g roup  A M pro te ins  (Walker 
a n d  T imoney 1994).  T he  S z P  lacks m any  o th e r  fea tu re s  normally 
a s s o c i a t e d  with g rou p  A M proteins ,  su c h  a s  repea t ing  blocks of
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am in o  a c id s  a n d  p o s s e s s e s  a  sh o r t e r  s igna l  s e q u e n c e .  How ever ,  
like o th e r  s t r e p to c o c c a l  cell  wall p ro te in s ,  S z P  c o n ta in s  a  highly 
c o n s e r v e d  c a r b o x y  te rm in a l  r eg ion ,  with a  typ ica l  m e m b r a n e  
a n c h o r  s e q u e n c e  a n d  th e  highly c o n s e r v e d  L P S T G E  motif (Walker  
a n d  T im o n ey  1994) .  It is not  know n  if S z P  is th e  ty p e - sp ec i f ic  
protein identifed by Moore a n d  Bryans,  s in c e  the  typing s e r a  w e re  
d i s c a r d e d .  P roo f  t h a t  S z P  is th e  t y p e - s p e c i f i c  a n t i g e n  w ould  
require  c rea t ion  of a  new  s e t  of typing s e r a  (T imoney et  al. 1995). 
In o th e r  w o rd s ,  a c c u r a t e  m o lecu la r  definition of M protein  g e n e s  
in S zooepidemicus  r eq u i re s  th e  f ram ew ork  of th e  typing sy s te m  
e s t a b l i s h e d  by Lancef ie ld  in 1928.
1.4. SUMMARY: M PROTEIN AND EQUINE ENDOMETRITIS. R esea rch  on 
e q u i n e  e n d o m e t r i t i s  h a s  f o c u s s e d  to  a  l a r g e  e x t e n t  on  
s t r e p t o c o c c a l  p h a g o c y t o s i s  by n e u t r o p h i l s .  S t r e p t o c o c c a l  M 
p ro te in  is a  well e s t a b l i s h e d  a n t ip h a g c o c y t i c  v i ru le n c e  fac to r  of 
th e  g ro u p  A s t rep tococc i ,  but  its p r e s e n c e  on  S zooepidemicus  is 
still o p e n  to q u e s t io n .  Although it is difficult to d e m o n s t r a t e  the  
p r e s e n c e  of M pro te in  on  S zo o ep id e m icu s , a n t i p h a g o c y t i c  
p r o p e r t i e s  of M+ s t r e p to c o c c i  a r e  e as i ly  d e m o n s t r a t e d  by their  
ability to g row  in f resh  blood.  In addit ion,  killing in f re sh  b lood is 
a  c o n v e n ie n t  m e th o d  to d e m o n s t r a t e  t h e  p r e s e n c e  of type-spec if ic  
an t ib o d ie s  to M+ o r g a n i s m s  a n d  may b e  u s e d  a s  the  b a s i s  for a 
s im p le  typing  s y s t e m ,  a  n e c e s s a r y  p r e r e q u i s i t e  for s u b s e q u e n t  
d e m o n s t r a t i o n  of M pro te in .  A s im p le  w a y  of a t t a c k in g  th e  M 
protein i s s u e  a s  it r e la te s  to e q u in e  endom e tr i t i s  is to exp lo re  the
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ability of S zooepidemicus  to grow in f resh  e q u in e  blood. It 
c o m b i n e s  the  ability to d e m o n s t r a t e  r e s i s t a n c e  to p h a g o cy to s i s ,  
t y p e  i s o l a t e s ,  d e m o n s t r a t e  a n t i - s t r e p t o c c c a l  a n t ib o d y ,  a n d  
e l u c i d a t e  t h e  r e q u i r e m e n t s  for  s u c c e s s f u l  s t r e p t o c o c c a l  
o p so n iz a t io n  a n d  p h a g o c y to s i s .  T h e s e  i s s u e s  a r e  im por tan t  to 
u n d e rs tan d  phagocy tos i s  of S zooepidemicus a nd  may in turn sh e d  
light on the  p a th o g e n e s i s  of e q u ine  endometr i t is .
CHAPTER 2
ANTIPHAGOCYTIC PROPERTIES OF STREPTOCOCCUS ZOOEPIDEMICUS 
AND MECHANISMS OF KILLING IN FRESHLY OBTAINED BLOOD OF
HORSES*
T h e  p a t h o g e n e s i s  of e n d o m e t r i t i s ,  a  m a jo r  c a u s e  of 
infertility in b rood  m a r e s ,  is incomplete ly  u n d e r s to o d  a l tho u gh  
much p ro g re s s  h as  b e e n  m a d e  in recen t  y ea r s  (Allen 1993; Varner  
a n d  Blanchard 1990). An a pproach  commonly followed h as  b e e n  to 
c o m p a r e  m a r e s  that  a r e  res i s tan t  with t h o s e  that  a re  suscep t ib le  
to bacterial  infection of the  u terus  (Asbury et  al. 1980; Asbury e t  
al. 1982; C h e u n g  et  al. 1985; E v an s  e t  al. 1987;  LeBlanc e t  al. 
1991;  LeBlanc, Asbury  a n d  Lyle 1989; T ro e d s s o n  a n d  Liu 1991; 
T ro ed sso n  a n d  Liu 1992; W atso n  a nd  S to k es  1990; Williamson et  
al. 1983). Streptococcus zooepidemicus  is the  o rg a n is m  m ost  
commonly  isolated from infected m ares  (Shin et  al. 1979), a n d  h a s  
b e e n  u s e d  e x t e n s i v e l y  in e x p e r i m e n t a l  i n fec t io n s .  C u r r e n t  
k n o w led ge  of endom etr i t i s  in m a r e s  identifies a c c u m u la t io n s  of 
poorly o p so n ic  u ter ine  fluid, particularly in o lder  an im als ,  a s  a 
major  contr ibutor  to the  d i s e a s e  (Allen 1993; Asbury e t  al. 1982; 
C heung  e t  al. 1985; LeBlanc, Asbury a n d  Lyle 1989; T ro edsso n  and  
Liu 1991) .  A l though  a c c u m u la t io n  of fluid m a y  re su l t  from 
im p a i re d  m e c h a n i c a l  c l e a r a n c e  or c e rv ic a l  d y s f u n c t io n ,  th e  
fac tors  underlying opson ic  failure a re  still unc lear  (LeBlanc e t  at.
Reprinted by permiss ion of the  American Jo u rn a l  of Veterinary 
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1 9 9 1 ) .  T h is  is l a rg e ly  a t t r i b u t a b l e  to r a p id  d e g r a d a t i o n  of 
c o m p l e m e n t  in u te r ine  fluid (Asbury,  G o r m a n  a n d  F o s t e r  1984), 
m aking  s tu d ie s  in this  milieu difficult. This  is fur ther  c o m p o u n d e d  
by s c a r c i t y  of p u b l i s h e d  d a t a  on g e n e r a l  r e q u i r e m e n t s  for 
p h a g o c y to s i s  of u ter ine  i so la tes  of S zooepidemicus. E x p e r im e n t s  
w e r e  t h e r e f o r e  c o n d u c t e d  in f re sh  h e p a r in iz e d  e q u i n e  b lo o d  to 
d e t e r m i n e  w h e t h e r  S zooepidemicus co u ld  r e s i s t  p h a g o c y t o s i s  
a n d ,  if so ,  w h a t  w e r e  th e  c o m p o n e n t s  of a n  e ffec t ive  p h ag o cy t ic  
r e s p o n s e .
2.1. MATERIALS AND METHODS.
2.1.1.  H O R S E S .  H o rse  A w a s  a  heal thy,  adult,  ova r iec tom ized  
Q u a r te r  H o rse  m are  h o u s e d  sep a ra te ly  from o ther  h o rse s .  H o r s e s  B, 
C, D, E, a n d  F w e re  healthy brood  m a r e s  of var ious  a g e s  a n d  b r e e d s  
s e l e c t e d  arbitrarily from th e  v e te r ina ry  s c h o o l  t e a c h in g  herd .
2.1.2 . COLLECTION O F ISOLATES. Isola tes  UF-1 (Dr. Michelle 
LeBlanc ,  University of Florida, Gainesvil le)  a n d  CA-1 (Dr. Irwin K. 
Liu, Univers i ty  of California ,  Davis)  w e r e  o b t a i n e d  from o ng o in g  
r e s e a r c h  p r o g r a m s  in e q u i n e  e n d o m e t r i t i s  a t  o t h e r  ins t i tu t ions .  
I so la te s  H-1 a n d  H-2 w e re  o b ta in ed  from uter ine  l a v a g e  fluid from 
c l in ica l  c a s e s  a t  t h e  L o u i s i a n a  S t a t e  U n iv e rs i ty  V e t e r i n a r y  
T e a c h i n g  Hospita l  a n d  Clinic. All o th e r  e q u in e  u te r in e  i so la te s  
w e r e  o b t a in e d  from clinical c a s e s ,  using s t a n d a r d  u te r ine  cu l tu re  
t e c h n i q u e s  a n d  a  s te r i le  g u a r d e d  s w a b  (A c c u -m e d  C o rp o ra t io n ,  
P le asan tv i l l e ,  NY), a n d  w e r e  i so la ted  in t h e  clinical microbiology 
s e c t io n  of th e  L ou is iana  Veter inary  Medical D iagnost ic  Laboratory .
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2.1.3. EXPERIMENT 1, The  ability of S zooepidemicus to 
e v a d e  b lo od ’s  natura l  bactericidal  p ro p e r t ie s  w a s  a s s e s s e d  by its 
ability to g ro w  in f resh ly  o b ta in e d  e q u i n e  b lood.  Twenty- two 
an im al  s t r e p to c o c c a l  i so la tes ,  p redom inan t ly  from the  u te ru s  of 
m a r e s ,  w e re  t e s t e d  in a  single  sem i-quanti ta t ive  bacter ic ida l  te s t  
to d e te rm in e  w h e th e r  they  could  grow in f resh  hepa r in ized  blood 
from a  s ing le  h o r s e  (h o rse  A). I so la te s  w e r e  a l s o  t e s t e d  for 
g rowth in th e  s u g a r s  lac tose ,  m al tose ,  sorbitol,  a n d  t r e h a lo se  to 
confirm their  identity.
2.1.4. EXPERIMENT 2. To d o cu m e n t  that  growth in experiment  
1 w a s  not  re s t r i c te d  to h o r s e  A, a n d  to i l lustra te  a n t ig en ic  
varia t ion of th e  s t ra ins ,  i so la te s  w e re  t e s t e d  for their  ability to 
grow in blood from additional ho rse s .  Five i so la tes  that  w e re  able  
to grow in b lood from h o rse  A were ,  there fo re ,  t e s t e d  for their 
ability to grow in blood from h o r se s  B, C, D, E, a n d  F in semi-  
quan t i ta t ive  bac ter ic ida l  t e s t s .  Sufficient  b lood w a s  d raw n  from 
e a c h  ho rse  to allow tes t ing of all 5 i so la tes  s im ultaneous ly ,  thus  
en su r in g  tha t  all i so la tes  w e re  in cu ba ted  in b lood from a  given 
horse .  The  tes t  w a s  rep e a te d ,  using the  s a m e  isolate a n d  horse ,  
within 3 ho u rs  of th e  first te s t ,  a n d  c o n s i s t e n c y  of resu l ts  w a s  
a s s e s s e d  by co m p a r iso n  of th e  o u tco m e  of the  first a n d  s e c o n d  
t e s t s .
2 .1 .5 .  EXPERIMENT 3. T he  p u r p o s e  of this ex p e r im e n t ,  
pe r fo rm ed  using  quanti ta t ive  bacter ic idal  te s t s ,  w a s  to d e te rm in e  
w h e th e r  killing required  leukocytes ,  a n d  w h e th e r  a  specific  signal
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for killing res ided  in p lasma.  Isolate CA-1 and  blood from horse  C 
w e r e  u s e d  a s  a  p ro to type  m odel  to s tudy  killing m e c h a n i s m s .  
Killing of isolate  CA-1 w a s  confirmed by incubation in f resh  blood 
from h o r s e  C. Iso la te  CA-1 w a s  th en  in c u b a te d  in cel l-free  
p la s m a  of h o rse  C. In t h e s e  2 e x p er im en ts ,  blood a n d  p la s m a  
respect ively of horse  A w ere  included a s  controls. T hree  tu b es  of 
blood from ho rse  C w ere  th en  centr ifuged. The buffy c o a t  w a s  left 
in tact  in th e  first tube ,  partially rem o v e d  in th e  s e c o n d ,  a n d  
comple te ly  r em oved  in the  third. After r e s u s p e n s io n  of th e  blood,  
s a m p l e s  w e r e  t a k e n  from e a c h  t u b e  for l e u k o c y te  c o u n t  
de te rm ina t ion .  The ability of isolate  CA-1 to grow in blood from 
variable  leukocyte  c o u n ts  w as  then t e s te d .  To s tudy  the  role of 
p l a s m a ,  b lood from h o rse  A w a s  cen t r i fuged  a n d  th e  p la s m a  
s u p e r n a t a n t  w a s  r e p la c e d  with 3 c o m b in a t io n s  of p l a s m a  from 
h o r s e s  A a n d  C (A/C « 5.0 ml/0 ml, 4.5  ml/0.5 ml, 0 ml/5.0 ml). 
The  growth of CA-1 w a s  then  m e a s u r e d  in this mixture of horse-A 
cells r e s u s p e n d e d  in combinat ions  of horse-A a n d  horse-C  p lasma.
2.1.6 . EXPERIMENT 4. To inves tigate  th e  potential  roles of 
an t ib o d y  a n d  c o m p le m e n t ,  the  p l a s m a  s u p e r n a t a n t  of horse -A  
cen tr i fuged  blood w a s  rep la ce d  with h ea t - t r e a te d  ho rse -C  p lasm a .  
Grow th  of CA-1 w a s  m e a s u r e d  in this mixture  of h e a t - t r e a t e d  
horse -C  p l a s m a  a n d  horse-A cells.  Heat  t r ea tm e n t  (57 C for 30 
m inu te s )  d e s t r o y s  c o m p le m e n t ,  but  l e a v e s  an t ib o d y  u n a ffec ted  
(Asbury, G o rm a n  a n d  F o s te r  1984; H a n s e n  a n d  Asbury  1987;  
LeBlanc et  al. 1991). Horse-A cells r e s u s p e n d e d  in horse-A p lasm a
7 3
a n d  u n h e a t e d  h o rse -C  p l a s m a  w e re  included a s  con tro ls .  T he  
e x p e r i m e n t  w a s  p e r fo rm e d  3 t im e s .  T h e  p ro toco l  w a s  th e n  
a d ju s te d  to r em o ve  residual  horse-A p la sm a  a s  follows. Horse-A 
b lood  w a s  cen t r i fuged ,  a n d  th e  s u p e r n a t a n t  w a s  r e p l a c e d  with 
h e a t - t r e a te d  ho rse -C  p lasm a.  After r e s u sp e n s io n ,  the  mixture w a s  
centr i fuged a  s e c o n d  time a n d  the  su p e rn a ta n t  w a s  rem oved .  The 
p l a s m a s  r e p r e s e n t i n g  t r e a tm e n t  ( h e a t e d  h o r s e - C  p l a s m a )  a n d  
con tro ls  ( u n h e a te d  horse -A  a n d  u n h e a t e d  h o rse -C  p la sm a )  w e re  
then  a d d e d  a s  d e sc r ib e d  previously. This a d ju s tm en t  w a s  t e s te d  
o n c e  a t  3 s t r e p to c o c c a l  c o n c e n t r a t io n s .  Finally, having w a s h e d  
ho rse -A  ce l ts  in h e a t - t r e a t e d  h o r se -C  p l a s m a  a cc o rd ing  to our  
a d ju s te d  protocol, different rat ios of h e a te d  h o rse -C  p l a s m a  (HC) 
a n d  fresh horse-A p la sm a  (UA) w ere  a d d e d  (HC/UA -  5 ml/0 ml, 
2.5  ml/2.5 ml, 0 ml/5 ml). The  ability of isolate  CA-1 to grow w a s  
m e a s u r e d  a f te r  f resh  p l a s m a  of h o r s e  A w a s  re tu rn ed  to the  
s y s t e m .  T h is  e x p e r i m e n t  w a s  p e r f o r m e d  3 t i m e s  a t  3 
s t rep to co cca l  concen tra t ions .  The  exper im en t  a lso  w a s  perform ed,  
us ing  i so la te  H-2 a n d  h e a t e d  p l a s m a  from h o r s e  D. It w a s  
r e p e a te d ,  using a  s t rep toco cca l  isola te  (T-5) from a  r e c e n t  c a s e  
of endometr i t is ,  using h e a te d  p la sm a  from the  m are  infected with 
tha t  isolate (ho rse  D).
2 .1 .7 .  EX PE RIM E N T  5. To d e t e r m i n e  th e  s tab i l i ty  of 
e x p re s s io n  of growth in fresh blood, growth w a s  a s s e s s e d  before  
a n d  a f te r  e x te n s iv e  p a s s a g e  of th e  i so la t e s  th ro u g h  artifical 
media .  Iso la te s  u s e d  in exper im en t  2 w ere  p a s s e d  through Todd-
7 4
Hewitt  broth for 10 p a s s a g e s .  They w e re  th en  t e s t e d  for their 
ability to grow in fresh blood from horse  A.
2.1.8. COLLECTION AND HANDLING O F  BLOOD. Blood w a s  
o b ta in ed  by steri le  jugular  ven ipunc tu re  into sterile  v a c u u m  tu b e s  
c o n ta in in g  143  U of lithium h e p a r i n  ( V a c u ta in e r ,  B e c k to n  
D ick inson ,  R u th e r fo rd  NJ).  C o l le c te d  b lood  w a s  im m e d ia te ly  
b ro u g h t  to th e  laboratory, a n d  m a in ta in ed  a t  20  to 2 2  C a n d  
p r o c e s s e d  accord ing  to which e x p er im en t  w a s  being perfo rm ed .  
Incubation of blood for growth t e s t s  w a s  a c h iev e d  within 2 hours  
of collec t ion.
2.1.9. INOCULATION O F  BLOOD. The  blood w as  inoculated a s  
follows. Each blood sam ple  or p r o c e s s e d  blood mixture w a s  a d d e d  
to a  s e t  of 8 sterile g la s s  tu b e s  in 1.5-ml aliquots. The  first tube  
w a s  inocu la ted  with approxim ate ly  0 .0 2 5  ml from a  f re sh  blood 
s tock  of the  organism. The remaining tu b e s  w ere  inoculated by the  
se r ia l  p a s s a g e  of a p p rox im a te ly  0 .0 2 5  ml from tu b e  to tube ,  
star ting from the  inoculated  first tube,  to provide a  s e r i e s  of up 
to 8 t u b e s  with v a r iab le  s t r e p to c o c c a l  c o n c e n t r a t i o n s ,  l abe led  
from 1 to 8 in o rder  of increasing dilution. This usually provided a  
s e r i e s  of a t  l eas t  3 tu b e s  tha t  would give c o nv en ien t  v a lu es  for 
co u n t in g .
2 .1 .10 .SEMI-QUANTITATIVE BACTERICIDAL TEST. This te s t  
w a s  u s e d  in all e x p e r im e n t s  e x c e p t  e x p e r im e n t  3. Im m edia te ly  
after  inoculation, a  0 .05-ml aliquot w a s  taken  from the tu b e s  and  
s t r e ak e d  over  the  entire half of a  blood a g a r  plate. The tu b e s  w ere
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then  incuba ted  for 3 hours  a t  37 C, being  gently ro ta ted  e n d  over 
e n d  at  approx im ate ly  8 RPM. After incubation,  a  0.05-ml aliquot 
from e a c h  tu b e  w a s  s t r e ak e d  over  th e  entire  half of e a c h  plate  
o p p o s i t e  th e  s t r e ak  from th e  s a m e  tu b e  3 h o u r s  earl ier .  After 
incubation of the  blood p la tes  a t  37 C for 24 hours,  the  s t r e a k s  a t  
th e  beginning (0 hour) and  e nd  (3 hours)  of incubation w e re  then 
c o m p a red .  W hen  a  s t reak  yielded 99 co lon ies  or fewer, the  actual  
n u m b er  of co lon ies  w a s  recorded .  If 100 or m ore  co lon ies  w ere  
p resen t ,  they were  sco red  a s  follows: +++ -  100 or more  s e p a r a t e  
individual  c o lo n ies ;  ++++ -  part ly lawn a n d  part ly  individual 
colonies;  +++++ -  continuous lawn of bacter ia.
2 .1 .11.  QUANTITATIVE BACTERICIDAL TEST. This protocol 
w a s  followed in exper im en t  3 only, After inoculation of th e  tubes ,  
a  0 .1 -ml aliquot w a s  taken from e a c h  tube  a t  O hour a n d  p laced  in 
a  sterile petri dish, into which w a s  p o u red  approximate ly  22  ml of 
f r e sh  b lood  a g a r .  The  mixture  w a s  gen t ly  a g i t a t e d  to even ly  
d i s p e r s e  th e  inoculum. After th e  a g a r  solidified, the  p la te s  w ere  
incubated  a t  37 C. The  p ro ced u re  w as  re p e a te d  in a  s e c o n d  se t  of 
petri d i s h e s  after  th e  tu b e s  h ad  b e e n  incu b a ted  at  37  C for 3 
hours ,  being gently rotated e n d  over e n d  a t  approximately  8 RPM. 
The next day, colonies  in the  plates  w ere  counted,  and  th e  num bers  
from e a c h  tu b e  a t  O hour a n d  3 hours  were  com p a red .  Individual 
c o lo n ies  w e re  easi ly  s e e n  by their z o n e  of c o m p le te  hemolysis .  
Colonies  w e re  co un ted  on a  back-lighted colony co u n te r  (American 
Optical,  Buffalo, NY).
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2.1.12. MAINTENANCE AND STORAGE OF ISOLATES. Prior to 
e x p e r im e n t  1, all i so la te s  w e r e  cu l tu red  on artificial m ed ia  for 
the  limited num b er  of p a s s a g e s  n e c e s s a r y  to obtain a  pu re  culture 
a n d  m ak e  a  f rozen stock in skim milk. However, the  iso la tes  u sed  
in e x p e r im e n t s  2 -5  w e re  s u b s e q u e n t ly  m a in ta in ed  by growth in 
f resh  blood from h o rse  A a s  follows. Up to 8 t u b e s  of blood from 
h o r s e  A w e r e  in ocu la ted  to va r iab le  d i lu t ions similarly to the
bactericidal  tes ts .  They w ere  then  incuba ted  a t  37  C, while being 
gently ro ta ted  e n d  over  end ,  for 24 hours. After incubation, tu b e s  
w e r e  g e n e r a l l y  e i t h e r  c o m p l e t e l y  h e m o l y z e d  ( p o r t  w in e
a p p e a r a n c e )  or unhemoiyzed .  In the  hem olyzed  tubes ,  bac te r ia  had  
g ro w n  to high n u m b e r s ,  w h e r e a s  in th e  u n h e m o i y z e d  tu b e s ,
bac te r ia  w e re  a b sen t .  The  s e c o n d  lowest  dilution to b e  complete ly  
h e m o ly ze d  w a s  u s e d  a s  a  s tock  for e x p e r im e n t s  a n d  con t inued  
p ro p ag a t io n  of th e  isolate. The  isolate  w a s  s to re d  in hem o lyzed  
b lo o d  a t  4 C for up  to a  w e e k .  L o n g - te rm  s t o r a g e  w a s
a c c o m p l i s h e d  by freezing  a n d  s tor ing freshly  grown h e m o ly z e d  
blood cultures  a t  - 70 C.
2.1.13. BLOOD CENTRIFUGATION. All blood centrifugation w as  
perform ed at  800 x g for 20 minutes.
2 .1 .1 4 .  LEUKOCYTE C O U N T S.  L e u k o c y te  c o u n t in g  w a s  
performed,  using a  hem ocytom ete r .
2.2. RESULTS.
2.2.1. EXPERIMENT 1. Of 22 i so la tes  s c r e e n e d ,  8 h ad  the 
ability to grow in f resh  blood from ho rse  A. All of t h e s e  8 w ere
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sp e c ia te d  a s  S zooepidemicus and  c a m e  from th e  equ in e  uterus ,  
e x c e p t  10323,  which w a s  originally isola ted  from a n  e q u in e  nasa l  
s w a b  spec im en  (Table 2.1).
T ab le  2 .1 -Bactericidal  te s t  resu l ts  (+ or - growth) of 
2 2  s t r e p to c o c c a l  i s o l a t e s  in b lood from h o r s e  A 
(exp e r im en t  1)___________________________________________
I s o l a t e I d e n t i f i c a t i o n * G ro w th S o u r c e
UF-1 S zooepidemicus + Equine u terus
CA-1 S zooepidemicus + Equine u terus
H-1 S zooepidemicus + Equine u terus
H -2 S zooepidemicus + Equine u terus
4 5 8 9 S zooepidemicus + Equine u terus
1 0 3 2 3 S zooepidemicus + Eq nasa l  sw ab
1 0 2 5 8 S equisimilis - Equine  u te rus
1 0 1 1 8 S zooepidemicus - Equine u terus
1 0 1 3 7 A Uncertain - Equine u terus
7 3 4 0 S zooepidemicus + Equine u terus
7 1 0 6 S equi - Eq lymph node
6 9 3 1 S zooepidemicus - Equine u te rus
3 0 6 9 S zooepidemicus - Equine uterus
3 0 8 7 8 S zooepidemicus - Equine uterus
3 1 3 7 7 S zooepidemicus - Equine u terus
3 1 9 5 6 Uncertain - Canine  Vagina
3 2 1 7 4 S zooepidemicus - Equine uterus
9 6 5 1 S zooepidemicus - Equine uterus
8 1 6 7 S zooepidemicus - Equine u te rus
6 5 4 0 S zooepidemicus - Equine u te rus
7 9 3 9 S zooepidemicus + Equine u terus
9 9 9 9 Uncertain - Equine u terus
* By growth 
Eq * Equine
in lac tose ,  maltose, , sorbitol, a n d  t r e h a lo s e
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2.2.2. EXPERIMENT 2. All i so la tes  grew in blood from som e  
h o r se s ,  but w e re  killed in blood from o ther  h o rse s .  However, the  
h o r s e s  in w h o s e  blood an  isolate  could  grow or w a s  killed w ere  
different  for e a c h  isolate, with the  excep t ion s  of H-1 a n d  H-2. The 
first t e s t  r e s u l t s  for all h o r s e / i s o l a t e  pa i r s  a g r e e d  with the  
s e c o n d  te s t  resul ts ,  with the  excep t ions  of iso la te  UF-1/ h o rse  C 
a nd  CA-1/ horse  F (Table 2.2).
Table  2 .2 -Pa i red  bactericidal te s ts ,  3 hours  apar t ,  of 5
s t rep tococca l  i so la tes  in blood from 6 h o r s e s  (experiment  2 )
Horse
I s o l a t e A B C D E F
UF-1 + + + + + +/- + + + + +/- +/-
CA-1 + + - + + + + - +/-
1 0 3 2 3 + + + + - - + + + + -
H-1 + + + + - + + -
H -2 + + + + - + + .
+ -  s t rep tococca l  n u m b e rs  cons is ten t ly  in c re a s e  
- -  s t rep tococca l  n u m b ers  consis ten t ly  d e c r e a s e  
+/- -  no cons is ten t  c h a n g e  in s t rep tococcal  n u m bers
2.2.3 . EXPERIMENT 3. W hen  incuba ted  in fresh blood from 
h o r se  A, n u m b ers  of CA-1 in c r e a s e d  o v e r  t h e  3-hour  incubation 
period, w h e r e a s  they d e c r e a s e d  in blood from horse  C. N um bers  of 
CA-1 in c re a s e d  in cell-free p la sm a  of h o r s e s  A a n d  C (Table 2.3). 
As m o re  l eu k o c y te s  w e re  r e m o v e d  from b lood from h o r s e  C, 
n u m b ers  of CA-1 d e c r e a s e d  less  precipitously (Fig 2.1). As the
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Table  2 .3 -S u m m ary  of bactericidal  t e s t  resu l ts  of isolate  
CA-1 after incubation in fresh blood a n d  p la sm a  of h o rse s  
A a n d  C {experiment 3)______________________________________
Medium Horse A Horse C
Fresh blood + -
P l a s m a + +
+ -  S trep tococca l  n u m b ers  consis ten t ly  in c rease  
- -  S t rep tococca l  n u m b ers  consis tent ly  d e c r e a s e
Table  2 .4 -S u m m ary  of bactericidal  t e s t s  of i so la tes  after  
incubation in blood from horse  A, before  and  after 10 
p a s s a g e s  th rough  artificial m ed ia  (exper im ent  5)__________
T im e UF-1 CA-1 1 0 3 2 3  H-1 H -2
B e fo re + + + + +
A f t e r - - - •
+ -  S t rep tococca l  n u m b ers  consis tent ly  in c rease  
- -  S t rep tococca l  n u m b e rs  consis tent ly  d e c r e a s e
8 0
Figu re  2.1 ( O v e r le a f ) - R e s u t t s  of a  3 -h o u r  in cub a t io n  of i so la te  
CA-1 in b loo d  from h o r s e  C ( e x p e r im e n t  3), in which CA-1 is 
killed, a t  3 WBC c o u n t s  (top), a n d  in blood from h o r s e  A (bottom), 
in which  CA-1 g ro w s ,  hav ing  r e p l a c e d  th e  p l a s m a  s u p e r n a t a n t  
with d i f fe ren t  c o m b in a t io n s  of ho r se -A  p l a s m a  (A) a n d  h o r s e - C  
p l a s m a  (C). Po in ts  a b o v e  th e  d o t te d  line r e p r e s e n t  growth;  po in ts  
be low  th e  d o t t e d  line r e p r e s e n t  killing.
O WGC -  8 ,1 03 /^1













10 10 10 10 10 101











O 5 .0  ml of A /  0 . 0  ml of C
•  2 .5  ml of A /  2 . 5  ml of C
v  0 .0  ml of A /  5 . 5  ml of C
1 10 10 10 10 10 10
No. of colonies  a t  0  hour
8 2
Figure  2 .2  (O v e r lea f ) -R esu l t s  of a  3 -hour  incuba t ion  of isolate  
CA-1 in b lood from h o rse  A (exper im en t  4), having re p la c e d  the 
p l a s m a  s u p e r n a t a n t  with h e a t e d  or u n h e a t e d  p l a s m a  of h o r s e  C 
(top). R esu l ts  with u n h e a te d  p la sm a  of ho rse  A a re  included a s  a  
control.  Each  point r e p r e s e n t s  an  a v e r a g e  va lue  from 3 runs. The 
e x p e r im e n t  w a s  th e n  r e p e a t e d  for a  s ing le  run a f te r  w ash in g  
horse-A cel ls  in h e a t e d  horse -C  p la sm a  to rem o ve  res idual  t r ac es  
of h o r s e - A  p l a s m a  (bo t tom ) ,  P o in t s  a b o v e  t h e  d o t t e d  line 
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F ig u re  2 .3  ( O v e r le a f ) - R e s u l t s  of a  3 -h o u r  incu ba t io n  of i so la te  
CA-1 in th e  cell  f rac t ion  of h o r s e  A ( e x p e r im e n t  4  c o n t in u e d ) ,  
w a s h e d  in h e a t e d  h o r s e - C  p l a s m a ,  a n d  r e s u s p e n d e d  in a 
s u p e r n a t a n t  c o n s i s t in g  of c o m b in a t io n s  of h e a t e d  h o r s e -C  p l a s m a
(HC), a n d  u n h e a t e d  horse -A  p l a s m a  (UA; top). T h e  ex p er im e n t  w a s  
r e p e a t e d  us ing  i so la t e s  H-2 (middle) a n d  T-5 (bot tom) in c u b a te d  
in t h e  cell fraction of h o r s e  A, w a s h e d  in h e a t e d  ho rse -D  p l a s m a
(HD), a n d  r e s u s p e n d e d  in a  s u p e r n a t a n t  cons is t ing  of c om bina t ions  
of HD a n d  UA. ( Iso la tes  H-2 a n d  T-5 g rew  in b lood from h o r s e  A, 
but  w e r e  killed in b lood from h o r s e  D). E a c h  point  r e p r e s e n t s  a n  
a v e r a g e  v a lu e  from 3 runs .  Poin ts  a b o v e  the  d o t te d  line r e p r e s e n t  
g rowth;  po in ts  be low the  d o t t e d  line r e p r e s e n t  killing.
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a m o u n t  of p l a s m a  from h o r se  C a d d e d  to ho rse -A  b lood cel ls  
i n c r e a s e d ,  growth of CA-1 w a s  le s s ,  a n d  n u m b e r s  d e c r e a s e d  
markedly  in the  tube  with most  horse-C  p lasm a.
2.2.4. EXPERIMENT 4. Heat t rea tm en t  of p la sm a  from horse  C 
did not diminish its ability to direct  blood cells  of h o r se  A to kill 
CA-1 when  t r aces  of ho rse  A-plasma w e re  p resen t .  However,  w hen  
all h o r s e  A -p lasm a  w a s  rem oved  from the  horse-A cell fraction, 
th e  cells,  to which hea t - t rea ted  p la sm a  w a s  a d d e d ,  no longer had  
killing ability (Fig 2.2). W hen  f resh  p la s m a  from h o r s e  A w a s  
a d d e d  b ack ,  killing r e s u m e d  m os t  s t rongly  w h e n  approx im ate ly  
equa l  proport ions of u n h e a te d  horse-A p la sm a  a n d  h e a ted  horse-C 
p la s m a  w e re  a d d e d  (Fig 2.3). The d e g r e e  of killing w a s  l e s s  when 
H-2 w a s  t e s te d  in this sys tem , using h e a t e d  p la s m a  from h o rse  D. 
N e v e r th e le s s ,  growth w a s  markedly  r e d u c e d  w h e n  approx im ate ly  
eq u a l  p ropor t ions  of h e a t e d  a nd  u n h e a te d  p l a s m a  w e r e  p re sen t .  
Killing of T-5 w a s  m arked  w hen  h e a t e d  p la sm a  of h o r se  D, the  
h o r se  from which th e  o rg an ism  w a s  isolated,  w a s  u s e d  in this 
sy s tem  (isolate T-5 grew  in fresh blood from h o rse  A). In all t h e s e  
ho rse / iso la te  pairs, killing only occurred  w hen  u n h e a t e d  p la sm a  of 
h o rse  A w a s  presen t .
2.2.5. EXPERIMENT 5. After 10 p a s s a g e s  through Todd-Hewitt 
broth ,  the  i so la te s  h a d  lost th e  ability to survive  in b lood from 
h o rse  A (Table 2.4). W hether  this loss w a s  p e rm a n en t  or temporary  
h a s  not  ye t  b e e n  fully a s s e s s e d ,  but  limited a t t e m p ts  to induce
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i so la tes  tha t  a re  killed to grow in fresh blood h a v e  not yet b e en  
success fu l  (data  not  shown).
2.3. DISCUSSION
E x p e r im e n t s  w e r e  c o n d u c t e d  to d o c u m e n t  a n t ip h ag o c y t ic  
p r o p e r t i e s  of S zooepidemicus, a n d  th e  r e q u i r e m e n t s  for 
s u c c e s s f u l  killing of t h e  o r g a n i s m  in f r e s h  e q u i n e  b lood .  
E xper im en t  1 indica ted  th a t  a t  (eas t  8  of 22 clinical s t rep tococca l  
i so la tes  w e re  ab le  to e v a d e  the  natural  bactericidal  p roper t ies  of 
fresh blood. This w as  confirmed in exper im en t  2, when 5 of t h e s e  
iso la tes  w e re  t e s t e d  a n d  g rew  in blood from o ther  h o rse s .  Of the  
14 i so la tes  killed in blood from h o rse  A, it is poss ib le  tha t  s o m e  
would  h a v e  g row n  w h e n  t e s t e d  in b lood from o th e r  h o r s e s .  
However ,  the  possibility a lso  ex is ts  tha t  s o m e  of t h e s e  iso la tes  
lack the  ability to grow in fresh blood al together ,  or h a v e  lost the  
ability dur ing  isolation or p a s s a g e  on artificial m ed ia .  Natura l  
b a c te r i c id a l  p r o p e r t i e s  of b lood  a r e  b e l i e v e d  to a r i s e  from 
activation of the  a l te rna te  pa thw ay  of c o m p le m e n t  by recognition 
of fo re ig n  m a te r i a l ,  s u c h  a s  p e p t i d o g l y c a n  (B isno  1979 ;  
Greenblat t ,  Boackle a n d  Sch w ab  1978; Tauber ,  Polley an d  Zabriskie 
19 7 6 ) .  This  n o n s p e c i f i c  rec o g n i t io n  l e a d s  to d e p o s i t i o n  of 
o pson ins ,  particularly C3B, on s t rep tococca l  cell wails,  leading to 
p h a g o c y t o s i s .  Growth of s t rep to co cc i  in f resh  blood, the re fo re ,  
s u g g e s t s  e v a s i o n  of th e  a l t e r n a t e  p a th w a y  of c o m p l e m e n t  
act ivat ion (Bisno 1979).
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How ever ,  having d o c u m e n te d  growth in f resh  blood from 
s o m e  h o r s e s ,  e x p e r i m e n t  2 a l s o  in d ic a te d  th a t  t h e  clinical 
i so la t e s  w e r e  killed in b lood from o th e r  h o r s e s .  F u r th e rm o re ,  
b lood  from d if fe ren t  h o r s e s  killed d i f fe ren t  i so la t e s ,  with th e  
exception  of iso la tes  H-1 a n d  H-2. T h e s e  2 iso la tes  w e re  obta ined  
from 2 h o r s e s  on th e  s a m e  farm during  th e  s a m e  m onth ,  a n d  
probably  r e p r e s e n t  the  s a m e  strain. T h e  c o n s i s te n c y  of th e  te s t  
a n d  re tes t  resu l ts  (23 out  of 25  ag ree ing  pairs) indica tes  tha t  the 
b a c t e r i c id a l  t e s t s  w e r e  suff ic ien t ly  s p e c i f i c  to d i f f e r e n t i a t e  
b e tw e e n  stra ins .  It w a s ,  there fore ,  h y p o th es iz ed  th a t  th e  i so la tes  
c a r r ied  va r iab le  s u r f a c e  e p i to p e s ,  specif ic  a n t ib o d ie s  to which 
p ro v ok ed  a n  effec t ive  p h ag ocy t ic  r e s p o n s e .  T h e s e  s t r e p to c o cc i  
would b e  ab le  to withstand nonspecif ic  ph ag o cy to s i s  m ed ia te d  by 
a l t e r n a t iv e  p a th w a y  of c o m p l e m e n t  a c t iv a t io n ,  b u t  w o u ld  
su c cu m b  to specific phagocy tos is  m ed ia ted  by specific antibody to 
e p i t o p e s  on t h e  b a c t e r i a l  cel l  s u r f a c e .  S t r e p t o c o c c u s  
zooepidemicus h a s  b e en  docum en ted  by o thers  to have  substantia l  
an t igen ic  a n d  g e n e t ic  variability (Moore a n d  B ryans  1969; Skjold 
et  al. 1987; Timoney et  al. 1991).
The  first s t e p  in tes t ing  this  h y p o th e s is  w a s  to d e te rm in e  
w h e t h e r  kilting re q u i r e d  l e u k o c y te s ,  in add i t ion  to spec i f ic  
s igna ls  in p la sm a .  The h o rse / iso la te  pair, h o r s e  C/ iso la te  CA-1, 
w a s  a rb i t ra r i ly  s e l e c t e d  to  s tu d y  t h e  killing p r o c e s s .  In 
e x p e r im e n t  3, isolate  CA-1 w a s  rapidly killed in f resh blood from 
h o rse  C, but  grew in fresh p la s m a  of h o rse  C, a n d  killing w a s  less
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a s  l e u k o c y te s  w e r e  d e p l e t e d  from f re s h  b lo o d  from h o r s e  C. 
T h e re fo re  p h a g o c y to s i s  a p p e a r e d  to b e  a  p o s s ib le  m o d e  of killing 
t h e  o r g a n i s m ,  a s  o p p o s e d  to c o m p l e m e n t - m e d i a t e d  cell  lysis. 
Examining th e  role of p la s m a ,  h o r s e  A’s  b lood cel ls  w e r e  induced  
to kill i so la te  CA-1 w h e n  r e s u s p e n d e d  in h o r s e - C  p l a s m a .  P l a s m a  
of h o r s e  C, th u s ,  a p p e a r e d  to m e d ia te  killing of CA-1 by ho rse -A  
le u k o c y te s  a n d  w a s ,  th e re fo re ,  c o n s i d e r e d  likely to ca r ry  specif ic  
o p s o n in s  for CA-1.
If this w a s  th e  c a s e ,  th e  q u es t io n ,  the re fo re ,  a r o s e  w h e th e r  
t h e s e  o p s o n i n s  w e r e  a n t ib o d ie s  or  c o m p le m e n t .  In e x p e r im e n t  4, 
h e a t - t r e a t e d  p l a s m a  of h o r s e  C, in w h ic h  c o m p l e m e n t  w a s  
th e rm a l ly  d e s t r o y e d ,  r e t a in e d  its abili ty to d i r e c t  h o r s e  A’s 
l e u k o c y t e s  to  kill CA-1.  T h e r e f o r e ,  sp e c i f i c  a n t ib o d y  to CA-1 
p r o b a b ly  d i r e c t e d  t h e  killing p r o c e s s .  H o w e v e r ,  w h e n  ce l l s  of 
h o r s e  A w e re  w a s h e d  in h e a t  t r e a te d  p l a s m a  of h o rse  C to rem o v e  
all r e s i d u a l  t r a c e s  of h o r s e - A  p l a s m a ,  killing d id  n o t  occu r ,  
s u g g e s t i n g  a  role  for c o m p l e m e n t ,  in ad d i t ion  to a n t ib o d y ,  in 
killing t h e  o r g a n i s m .  F u r th e r m o r e ,  w h e n  h o r s e  A 's  b lo o d  ce l ls ,  
similarly w a s h e d  in h e a t e d  h o rse -C  p lasm a ,  w e r e  r e s u s p e n d e d  in 3 
c o m b i n a t i o n s  of u n h e a t e d  h o r se -A  p l a s m a  a n d  h e a t e d  h o r s e - C  
p l a s m a ,  kilting r e tu rn e d  a s  u n h e a t e d  ho rse -A  p l a s m a  w a s  a d d e d  
b a c k  to th e  s y s te m .  Killing w a s  maximal  w h e n  u n h e a t e d  horse -A  
p l a s m a  a n d  h e a t e d  h o r s e -C  p l a s m a  w e re  p r e s e n t  in approx im ate ly  
e q u a l  q u a n t i t ie s .  R e tu rn ing  u n h e a t e d  p l a s m a  from h o r s e  A a lso  
w a s  n e c e s s a r y  to inhibit g row th  of i so la te  H-2, a n d  to c a u s e
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killing of i so la te  T-5. T hus ,  a l th o u g h  all 3 i s o l a t e s  g r e w  rapidly 
w h e n  in c u b a te d  in f resh  b lood from h o r s e  A, u n h e a t e d  p l a s m a  of 
h o r s e  A a p p e a r e d  n e c e s s a r y  for killing in th is  sy s te m ,  suppor t ing  
t h e  h y p o th e s i s  th a t  killing r e q u i r e s  c o m p le m e n t .
A p o s s ib le  e x p la n a t io n  for varia t ion in th e  d e g r e e  of killing 
o b s e r v e d  in t h e s e  3 h o r s e / i s o la t e  pa i r s  is va r ia t ion  in a n t ib o d y  
titer in the  h e a t e d  p l a s m a .  T h e  h ig h e s t  an t ibody  titer would  b e  in 
h e a t e d  p l a s m a  of h o r s e  D a g a in s t  isola te  T-5, followed by h o rse -C  
p l a s m a  a g a i n s t  i so la te  C A -1 , a n d  finally h o r s e -D  p l a s m a  a g a i n s t  
iso la te  H-2. This  t rend  c a n  b e  m os t  eas i ly  a p p re c ia te d  by s tudying 
th e  d e g r e e  of killing w h e n  h e a t e d  p la s m a  (0 ml of HC or  HD) w a s  
n o t  a d d e d  a s  s u p e r n a t a n t .  T h e s e  t u b e s  all c o n t a i n e d  sm a l l  
q uan t i t ie s  of their  r e s p e c t iv e  h e a t e d  p l a s m a  b e c a u s e  this  w a s  th e  
m ed ium  in which  th e  blood ce l ls  of h o r s e  A h a d  las t  b e e n  w a s h e d .  
T hus ,  this  small  quanti ty  p r e s u m a b ly  m e d ia t e d  killing w h e n  it w a s  
p r e s e n t  in h ig h e s t  titer (HD/T-5), p r e v e n te d  overall  g rowth  a t  an  
in te r m e d ia t e  titer (HC/CA-1),  a n d  w a s  u n a b le  to p r e v e n t  growth 
a t  t h e  l o w e s t  t i te r  (HD/H-2) .  M o re  killing m ig h t  h a v e  b e e n  
o b s e r v e d  for isola te  H-2 with h e a t e d  p l a s m a  of h o r s e  D if a  h igher  
ratio of HD to UA h a d  b e e n  t e s te d .  As a  whole ,  t h e s e  d a t a  a r e  
c o n s i s t e n t  with th e  h y p o t h e s i s  th a t  killing r e q u i r e s  a  h e a t - la b i le  
c o m p o n e n t  of p l a s m a ,  p robab ly  c o m p le m e n t ,  in addit ion to a  h e a t  
s t a b le  c o m p o n e n t ,  p robably  antibody.
T h e  d o c u m e n ta t io n ,  in e x p e r im e n t  5, th a t  i s o l a t e s  lost  th e  
ability to su rv ive  in f resh  b lo od  a f te r  p a s s a g e  in artificial m ed ia
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s u g g e s t s  tha t  growth in f resh  b lood is a  spec ia l  ability tha t  c a n  be  
lost.  B e c a u s e  p rom oting  growth  c a p a c i ty  by r e p e a t e d  p a s s a g e  in 
f resh  b lood from i so la te s  tha t  c a n n o t  grow in f resh  b lood  h a s  not
b e e n  s u c c e s s f u l ,  it is p o s s ib l e  t h a t  th e  ability to g row  in f resh
blood  m a y  resul t  from an  e vo lv ed  a d a p ta t io n  requiring sub s ta n t ia l  
g e n e t i c  in fo rm at ion .
Of i n t e r e s t  in th is  r e g a r d  is t h e  p o s s i b l e  ro le  of a n  
a n t ip h a g o c y t ic  c a p s u l e .  C olony  m orpho logy  a n d  n e g a t iv e  s ta in ing ,  
us ing  india ink b e fo re  a n d  a f te r  p a s s a g e ,  h a s  not  r e v e a l e d  a n y  
o b v io u s  d i f fe ren c e s  b e tw e e n  i so la te s  tha t  c a n  a n d  c a n n o t  g row  in
f resh  b lood  ( d a t a  not show n) .  Thus ,  p r e s e n c e  of a  la rg e  c a p s u l e
inhibiting p h a g o c y t o s i s  is doubtful.  H ow eve r ,  th e  poss ibi l i ty  of a  
sm a l le r  c a p s u l e  c a n n o t  yet  b e  ru led out, nor c a n  the  possibil ity  of 
a  la rger  c a p s u l e  on  o th e r  i so la t e s  ye t  to b e  e x a m in e d .  S u c h  a  
c a p s u l e  might h a v e  a  role in r e s i s t a n c e  to p h a g o c y to s i s ,  a n d  a s  a  
t a r g e t  for o p s o n ic  an t ibody .  W h e t h e r  a  c a p s u l e  e x i s t s  on  t h e s e  
s t r a in s ,  a n d  h a s  a n  a n t i p h a g o c y t i c  or  im m u n o g e n ic  ro le  will 
r eq u i re  fu r ther  s tudy .
T h e s e  r e s u l t s  m a y  p ro v id e  ins igh t  into e l im ina t ion  of S  
zooepidemicus  from th e  u te ru s  of m a r e s .  T h e s e  re su l ts  s u g g e s t  
t h a t  s o m e  i s o l a t e s  of S zooepidem icus  a r e  i n h e r e n t l y  
a n t i p h a g o c y t i c  a n d  t h a t  killing r e q u i r e s  s p e c i f i c  a n t i b o d y  to 
su r f a c e  s t ruc tu re s .  C r o s s  protection d o e s  not  occur ,  b e c a u s e  t h e s e  
s t r u c t u r e s  p r e s u m a b l y  v a ry  f ro m  i s o l a t e  to  i s o l a t e .  W h e n  
a p p r o p r i a t e  sp e c i f i c  a n t ib o d y  is p r e s e n t ,  killing a p p e a r s  to b e
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m ed ia te d  by leukocy tes  a n d  co m plem en t .  The  c o m p o n e n t s  of the  
effect ive killing r e s p o n se ,  which we h a v e  th u s  su g g e s t e d ,  namely, 
leukocytes ,  specific antibody, a nd  com plem ent ,  c a n  b e  d e te c t e d  in 
e q u in e  u te r ine  fluid. However ,  our  resu l ts  s u g g e s t  th a t  h o r s e s  
defic ient  in any  o n e  of t h e s e  c o m p o n e n ts  might h a v e  difficulty in 
e liminating s o m e  i so la tes  of S zooepidemicus from th e  u terus ,  
a s s u m in g  tha t  p h a g o cy tos is  of the  o rgan ism  is n e c e s s a r y  for its 
elimination.  Although functional  l eukocy tes  reliably a p p e a r  in the  
infec ted  u te ru s  (Asbury e t  al. 1982),  availability of th e  o ther  2 
c o m p o n e n t s  is, p e rh a p s ,  l e s s  con s is ten t .  Specif ic  an t ibody might 
b e  a b s e n t  ea r ly  in infection u n l e s s  p rev io u s  e x p o s u r e  to the  
infecting st ra in  had  a l ready  occurred .  C om plem en t ,  on th e  o ther  
h a n d ,  is rapidly d e g r a d e d  in u ter ine  fluid (Asbury, G o rm a n  a n d  
F o s te r  1984). In bactericidal  tes ts ,  e q u in e  blood apparen t ly  lo se s  
its killing ability a f te r  a b o u t  6 hours .  This  might exp la in  why 
accu m u la t io n  of u ter ine  fluid is a s s o c i a t e d  with susceptibil ity to 
endometr i t is  (LeBlanc, Asbury a n d  Lyle 1989; LeBlanc et  al. 1994). 
M a re s  th a t  a c c u m u l a t e  u te r ine  fluid will h a v e  "older" fluid on 
a v e r a g e ,  a n d  therefore ,  lower active c o m p le m e n t  va lues ,  than do 
m a r e s  th a t  do  not  a c c u m u la te  fluid. H ence ,  a c c u m u la te d  uter ine  
fluid might lack opson ic  activity (LeBlanc e t  al. 1991). Desp i te  the  
d a t a  r e p o r t e d  h e r e ,  h o w e v e r ,  t h e  e f f e c t iv e  e l im in a t io n  of 
s t rep to co cc i  from the  e q u in e  u te rus  probably  a lso  involves local 
fac tors  not p re sen t  in fresh equ in e  blood.
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In teres t ing ly ,  t h e s e  r e s u l t s  p ro v id e  d a t a  to s u p p o r t  th e  
h y po th es is  tha t  i so la tes  of S zooepidemicus carry  M prote ins .  
The  behav io r  of our  iso la tes  is strikingly similar to tha t  of the  M 
protein-posi t ive  (M+) g roup  A s t rep tococc i ,  th e  c a u s a t iv e  a g e n t s  
of s t r e p t o c o c c a l  p h a ry n g i t i s ,  r h e u m a t i c  f e v e r ,  a n d  a c u t e  
g lom eru lonephr i t i s  in h u m a n s  (Lancefield  1957). M Prote in  is a  
highly var iab le  s u r f a c e  protein of g rou p  A s t rep tococc i  (Fischett i  
1989; Fox 1974;  Lancefield 1928a;  Lancefield 1962). S t rep tococc i  
th a t  a r e  M+ a re  a b le  to r e s i s t  p h a g o c y to s i s  m e d ia te d  by the  
a l t e r n a t iv e  p a th w a y  of c o m p l e m e n t  a c t iv a t io n  (B isno  1979 ;  
H ors tm ann  e t  al. 1988; Ja c k s -W e is s ,  Kim a n d  Cleary 1982) , a n d  
c a n  only b e  phagocyt ized  in th e  p r e s e n c e  of type-specif ic  antibody 
to th e  specif ic  M protein ca r r ied  by e a c h  M se ro ty p e .  This is 
indicated by the  ability of M+ s treptococci  to grow in f resh  blood, 
u n le s s  specif ic  anti-M protein se ru m  is a d d e d  (Lancefield 1957). 
E v idence  a l ready  exis ts  sugg es t in g  tha t  M protein is carr ied  by S 
zooepidemicus (Moore and  Bryans 1969; Timoney e t  at. 1991), a n d  
is e x p r e s s e d  by clinical i so la te s  from h o r s e s  with endom etr i t is  
(Appendix 1).
CHAPTER 3
PHAGOCYTIC KILLING OF STREPTOCOCCUS ZOOEPIDEMICUS BY 
NEUTROPHILS IN FRESH EQUINE BLOOD
It w a s  previously shown that  f resh  blood from h o r s e s  varied 
in ability to kill spec i f ic  u te r in e  i so la t e s  of S t r e p t o c o c c u s  
z o o e p i d e m i c u s .  Killing a p p e a r e d  to require  leu ko cy te s ,  hea t -  
s t a b le  a n d  hea t - lab i le  c o m p o n e n t s  of p l a s m a .  This led to the  
c u r r e n t  w o rk in g  h y p o t h e s i s  t h a t  u t e r i n e  i s o l a t e s  of S  
zooepidemicus display variable  surface  an t igens ,  a n d  a re  killed by 
p h a g o c y to s i s  requiring neu trophi ls ,  i so la te -spec i f ic  an t ibo d y  a n d  
c o m p le m e n t .  Variation in killing ability of f resh  blood would b e  
d u e  to v a r ia t io n s  in i so la te -spec i f ic  an t ib o d y  b e tw e e n  h o r s e s .  
This pa t tern  of growth a n d  killing of S zooepidemicus  in fresh 
e q u in e  b lood  is rem arkab ly  similar to beh av io r  of M+ g roup  A 
s t rep to co cc i  in f resh  h u m a n  blood (Lancefield  1957; Lyons a n d  
W ard  1935; Rothbard 1945b; Todd 1927c).
To p r o v id e  a d d i t io n a l  s u p p o r t  for th i s  h y p o t h e s i s  a  
com par ison  w a s  m a d e  of phagocy tos is  of the  s a m e  isolate in blood 
f rom 2 h o r s e s  by light m ic ro sc o p y .  In trace l lu la r  killing w a s  
e s t i m a t e d  by f lu o r e s c e n t  m ic ro sc o p y  us ing  a c r id in e - o r a n g e  to 
a s s e s s  viability of phago cy t ized  s t rep tococc i .  It h a d  b e e n  show n  
p rev ious ly  th a t  in b lood from o n e  of th e  h o r s e s  th e  i so la te  
multiplied, bu t  in b lood from the  o th e r  h o r s e  th e  i so la te  w a s  
k i l led .
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3.1. MATERIALS AND METHODS.
3.1.1. ISOLATE. A single uterine isolate of S zooepidemicus , 
(SZ),  which had  b e e n  isolated from a  c a s e  of equ ine  endometri tis ,  
w a s  u sed .  This w a s  isolate  H-2 from th e  p rev ious  c hap te r .  The  
isolate  w a s  main ta ined  a n d  p a s s a g e d  a s  previously descr ibed .
3.1 .2.  H O R SE S.  Two adult  h o r s e s  of light b re e d  w e r e  used ,  
horse  A and  horse  B. In blood from h o rse  A the  isolate  w a s  known 
to multiply, w h e r e a s  in blood from h o rse  B the  isolate  w a s  known 
to b e  killed.
3.1.3. EXPERIMENTAL OVERVIEW. Identical vo lum es  of the  
s a m e  s t r e p to c o c c a l  cu l tu re  w e r e  s im u l ta n e o u s ly  inocu la ted  into 
tu b e s  of fresh blood from e a c h  horse .  Buffy co a t  sl ides w ere  m ad e  
a t  15 m in u te s  a n d  60  m inu tes ,  s t a in e d  with acr id ine  o r a n g e  or 
G ie m s a  s ta in ,  a n d  e x a m in e d  by f luo rescen t  or light m icroscopy.  
M ic r o s c o p ic  e v a l u a t i o n s  of killing ( p e r c e n t  of in t r a c e l lu la r  
s t rep tococc i  killed) a n d  ph ag o cy to s i s  (nu m ber  of s t rep tococc i  p e r  
neutrophil) w e re  m ade .  Num ber  of colony forming units in e a c h  of 
t h e  in ocu la te d  b lo o d s  w a s  d e te r m in e d  a t  15 a n d  60  m inu tes .  
C o m p le te  whi te  b lood  cell c o u n ts ,  including d i fferent ia ls ,  w e re  
m a d e  on th e  collected blood from e a c h  horse . T he  exper im en t  w a s  
p e r fo rm ed  on  3 s e p a r a t e  o c c a s io n s ,  a n d  th e  c o m b in e d  resu l ts  
s ta t i s t ica l ly  a n a l y s e d .
3.1.4. PREPARATION OF INOCULUM. A drop of a  hemolyzed 
b lood culture  of SZ w a s  evenly d i s p e r s e d  ove r  the  ent i re  su r face  
of a  b lood a g a r  plate, and  the  plate  incuba ted  overnight  at  37 C.
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T he  following d a y  th e  culture  w a s  visually e x a m in e d  to confirm 
p u re  a n d  h o m o g e n o u s  growth  of b e t a  hem oly t ic  s t r e p to c o cc i .  
S t rep tococc i  w e re  h a rv e s te d  by rolling a  sterile cotton sw ab  over  
th e  entire  su r fa ce  of the  plate,  a n d  then  twisting the  tip of the  
s w a b  b ack  a n d  forth in 1.5 ml of s terile  sa l ine  to r e l e a s e  the  
s t rep tococc i .  The  resulting s t rep tococca l  s u s p e n s io n  w a s  u se d  to 
inoculate  blood from both ho rse s .
3.1.5. COLLECTION AND INOCULATION OF BLOOD. Jugu la r  
v e n ip u n c tu re  of h o r s e  A a n d  B w a s  p e r fo rm ed  a s  prev ious ly  
descr ibed .  Each  ho rse  w a s  sam p led  within 5 m inutes  of the  other. 
For e a c h  horse ,  3 ml aliquots of blood w ere  p laced  into 3 sterile 
g l a s s  tubes .  The first tube  ( tube 1) w a s  inoculated with 0 ,5  ml of 
th e  freshly p r e p a r e d  s t rep tococca l  s u s p e n s io n .  The  s e c o n d  tu b e  
( tu be  2) w a s  in o c u la te d  by addit ion  of 0 .5  ml from freshly  
inoculated tu b e  1. The  third tube  (tube 3) rem ained  uninoculated a s  
a  control.
3.1.6. PREPARATION O F  BUFFY COAT SLIDES Immediately 
following inoculat ion, 1.5 ml s a m p l e s  from tu b e  2 a n d  3 w e re  
t r a n s f e r r e d  to sm a l le r  t u b e s  a n d  cen tr i fuged  a t  800  g for 15 
m inu tes  prior to buffy c o a t  removal.  The  original tu b e s  2 a n d  3, 
e a c h  with 1 .5  ml of in o cu la te d  b lood  rem a in ing ,  w e r e  then  
incuba ted  for 45 m inutes  at  37  C, being gently ro ta ted  at  8 RPM 
e nd  over  end.  Following incubation the  c on ten ts  of both tu b e s  were  
th en  t rans fe r red  to smaller  t u b e s  a n d  likewise cen t r i fuged  a t  800 
g prior to removal of the  buffy coat . Buffy c o a t s  w e re  a sp i ra ted
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with a  p as teu r  pipette and  a d d e d  to a  tube  containing a  single drop 
of 0.14 mg/ml acridine o ran ge  (Sigma C h e m ic a l  Co, St Louis, MO), 
a l so  d i s p e n s e d  th rough  a  p a s t e u r  p ipe t te .  After 5 m inu tes ,  4 
s m e a r s  w e re  m a d e  of e a c h  buffy c o a t  asp i ra te ,  2 for examinat ion 
by f luorescen t  microscopy,  a n d  2 for G e im s a  staining (Leukostat,  
F i s c h e r  S c ie n t i f i c ,  O r a n g e b u r g ,  NY) a n d  e x a m i n a t i o n  by 
c o n v e n t io n a l  light m ic ro sc o p y .  B e c a u s e  of e l a p s e d  t im e  in 
centr ifugation a n d  staining, during which ph ag o cy to s i s  a n d  killing 
m a y  c o n t i n u e ,  p r e p a r a t i o n s  m a d e  prior  to in c u b a t io n  w e r e  
r e c o r d e d  a s  t a k e n  a t  15 m in u te s  p o s t  inoculat ion,  a n d  t h o s e  
following incubation taken  a t  60 m inu tes  pos t  inoculation.
3.1.7. DETERMINATION OF COLONY FORMING UNITS. Numbers 
of s t rep tococca l  colony forming units in tube  2 a t  15 m inutes  a n d  
6 0  m in u te s  w e re  e s t im a te d  a s  follows. A 0.1 ml a l iquot  w a s  
serial ly  t r an s fe r red  a long  6 t u b e s ,  e a c h  conta in ing  0 .9  ml of 
s terile  p h o s p a t e  buffered sa l ine .  From th e  las t  3 dilutions (10*4, 
10~5, 10 ' 6 ) a  0.1 ml aliquot w a s  s p r e a d  evenly over a  blood a g a r  
p la te  and  incuba ted  a t  37 C for 24 hours,  after which all colonies  
on  th e  p la te s  w e re  c oun ted .  The s t rep tococca l  concen tra t ion  w a s  
e s t im a ted  a s  the  a v e ra g e  yielded by the  10*4 a n d  10*5 dilutions.
3.1.8. WHITE BLOOD CELL COUNTS AND DIFFERENTIALS. Total 
white  b lood cell c o u n ts  w e r e  d e te rm in e d  on a n  a u to m a t e d  cell 
c o u n te r  (Baker  9000,  Baker  In s t rum en ts  Corporat ion ,  Allentown, 
PA) a n d  differential c o u n ts  w e re  pe rfo rm ed  manually. T h e  num ber
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of n e u t r o p h i l s  or p o l y m o r p h o n u c le a r  l e u k o c y te s  (PMN) w a s  
ca lcula ted pe r  ul of blood.
3.1.9. EVALUATION OF PHAGOCYTOSIS. G iemsa  s ta ined sm ears  
w e r e  l a b e l l e d ,  r a n d o m i z e d  a n d  e x a m i n e d  blindly, including  
un inocu la ted  s l ides . The  ent i re  f e a th e re d  e d g e  w a s  exam ined ,  or 
100 PMN, which e v e r  c a m e  first. Following evaluat ion  th e  s l ides  
w e re  num bered ,  a n d  only after  all s l ides  had  b e e n  ev a lu a ted  w a s  
t h e  origin of e a c h  s l ide  r e v e a le d .  A p h a g o c y to s i s  index w a s  
c o m p u te d  a s  follows:
Phagocy tos is  index -  nu m b er  of PMN a s so c ia t e d  st reptococci
total num ber  of PMN exam ined
Pre l im inary  s t u d i e s  s u g g e s t e d  th a t  th e  m o s t  s ign i f ican t  
v a r ia b le  a f fec t ing  p h a g o c y t o s i s  index is th e  total n u m b e r  of 
s t r e p to c o c c i  p e r  PMN in th e  blood. C o n se q u e n t ly ,  a  c o r r e c te d  
p h a g o cy to s i s  index w a s  c o m p u te d  adjusting for the  colony coun ts  
a n d  PMN coun ts  a s  follows;
Correc ted  phagocytosis  index « Phagocytos is  index X PM N
streptococcal  CFU
Errors  in identificat ion of s t r e p tococc i  in G i e m s a  s ta in e d  
s l ides  w e re  e s t im a ted  by recording the  % of uninoculated sl ides in 
which s t rep tococc i  w e re  o b se rv ed .
3.1.10.  EVALUATION OF INTRACELLULAR KILLING. Acridine 
o r a n g e  s t a in e d  s l id es  w e r e  labelled,  r an d o m ize d  a n d  e x a m in e d  
blindly, including  u n in o c u la t e d  s l id e s .  S l id e s  w e r e  n u m b e r e d
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following e x a m in a t io n ,  a n d  only a f t e r  all s l i d e s  h a d  b e e n  
e v a lu a t e d  w a s  th e  origin of e a c h  slide rev e a le d .  The f e a th e re d  
e d g e  of t h e  s m e a r  w a s  sy s te m a t ica l ly  e x a m in e d  for i n g e s te d  
b a c t e r i a .  S l i d e s  w e r e  e x a m i n e d  u n d e r  e p i - f l u o r e s c e n c e ,  with 
m ercury  a rc  so u rc e  of illumination, an  excitation filter of 490  nm, 
a n d  a  barr ier  filter of 510  nm. G re e n  s t reptococci  w ere  co un ted  a s  
live; yellow or o r a n g e  s t rep tococc i  w e re  c o u n te d  a s  d e a d .  Either 
th e  entire fea thered  e d g e  of e ac h  slide w a s  exam ined ,  or 100 PMN 
e v a lu a ted ,  which e v e r  c a m e  first. A killing index for e a c h  slide 
w a s  c a lcu la ted  a s  follows:
Killing index -  N u m ber  of d e a d  intracel lular  s t rep tococc i
Total num ber  of intracellular s t reptococci
An e s t i m a t e  of e r ro r  in identificat ion of s t r e p to c o c c i  in 
acr id ine  o r a n g e  s ta ined  s l ides  w a s  d e te rm in ed  by recording the % 
of u n in o cu la te d  s l id es  in which live or d e a d  s t r e p to c o c c i  w e re  
o b se rv ed .
3 .1 .11 .  STATISTICAL ANALYSIS. D a ta  w a s  a n a l y s e d  by 
a n a ly s i s  of v a r ia n ce  using th e  G e n e ra l  Linear  Models  P ro c e d u re  
(GLM) of s ta t is t ica l  a n a ly s i s  so f tw are  (SAS Insti tu te  Inc., Cary,  
NC).
T h e  killing ind ex ,  w h ich  is no t  n o rm a l ly  d i s t r ib u t e d ,  
un d e rw en t  tranformation prior to an a ly s i s  a s  follows:
T rans fo rm ed  killing index -  2 X a rcs ine  (killing index)1 ^2
1 0 0
T he  e ffec t  of ho r se ,  t im e  a n d  th e  h o r se - t im e  in te rac t ion  
w a s  de te rm in ed  on the  following d e p e n d e n t  variab les :  t rans fo rm ed  
killing index, phagocyt ic  index, and  co rrec ted  phagocyt ic  index.
3.2. RESULTS
3.2.1. PHAGOCYTIC ABILITY. The  m ean  phagocytic  indices of 
h o r s e s  A a n d  B w e r e  2 .8 4  a n d  10 .85 ,  a  highly s ign if ican t  
d i f fe rence  (P<0.0001) .  Similarly, the  c o r re c te d  p hagocy t ic  indices 
of h o r s e s  A a n d  B w e re  0 .2 6  a n d  4 .2 6  re s p e c t iv e ly ,  a l s o  
significantly different  to a  high d e g r e e  ( P - 0 .0 0 0 3 ) .  P h ag o cy t ic  
i n d ic e s  i n c r e a s e d  s ign i f ican t ly  with t ime ( P < 0 .0 0 0 1 )  a s  did
c o r re c te d  phagocy t ic  indices  ( P —0.0037) .  Although no signif icant 
h o r s e  by time interaction could  be  o b s e r v e d  in th e  u n c o r re c te d  
p h a g o c y t i c  index  ( P - 0 . 1 7 7 8 ) ,  a  s ig n i f ic an t  i n te r a c t io n  w a s
d e te c t e d  in the  c o r r e c te d  phagocy t ic  index ( P - 0 .0 0 9 4 )  in which 
p h a g o cy to s i s  a p p e a r e d  to in c re a s e  m ore  rapidly in h o r se  B than  
ho rse  A over  time.
No s t reptococci  were  identified in any  of the  G ie m s a  s ta ined  
s m e a r s  from uninoculated blood.
3 .2 .2 .  INTRACELLULAR KILLING. I n t r a c e l lu l a r  killing,
m e a s u r e d  by the  t r an s fo rm e d  killing index, w a s  not significantly 
different  b e tw e e n  h o r s e s ,  be ing  1.08 for h o r s e  A a n d  1.23 for 
h o r s e  B ( P - 0 .4 8 2 6 ) .  However ,  a  highly s ignif icant  i n c r e a s e  in 
killing w a s  o b se rv e d  ove r  t ime (P<0.0001) .  A significant h o r se  by 
time in te rac t ion  w a s  o b s e r v e d  ( P - 0 .0 1 5 ) ,  in which killing w a s
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T a b le  3 . 1 - C o m p a r i s o n  of p h a g o c y t ic  a n d  in trace l lu la r  killing 
ability of h o r se  A v e r s u s  ho rse  B blood aga in s t  the  s a m e  uter ine
isolate  of Streptococcus zooepidemicus______________________
C o r r e c t e d  T r a n s f o r m e d  
P h a g o c y t i c  P h a g o c y t i c  Kil l ing
Index Index Index
Horse A 2 .8 4 0 .2 6 1 .08
(0 .6 7 ) (0 .65) (0 .14 )
Horse B 1 0 .8 5 4 . 2 6 1 .23
(0 .6 7 ) (0 .65 ) (0 .14 )
P value 0 .0 0 0 1 0 .0 0 0 3 0 . 4 8 2 6
S tand ard  error  of the  m ean  in p a re n th e s e s
Table  3 .2-Mean s t rep tococcal  colony forming units (CFU) in fresh 
blood from horse  A and  horse  B before  a nd  after a  45  minute 
i n c u b a t io n ______________________________________________________
 CFU per  microlitre of blood_______
B e fo re  A f t e r
Horse A 
Horse B
3 9 . 0 0 0
4 7 . 0 0 0
7 1 . 0 0 0
1 6 . 0 0 0
1 0 2
le s s  in h o r s e  A at  15 m inu tes  th an  in h o r s e  B, but  a t  60  m inu tes  
h o rse  A e x c e e d e d  ho rse  B.
In 24  ac r id in e  o r a n g e  s t a in e d  u n in o c u la te d  s l id e s ,  only 1 
s l ide  w a s  r e c o r d e d  a s  hav ing  s t r e p to c o c c i ,  giving a n  e s t im a t e d  
0 . 0 4  e r r o r  r a t e  in s t r e p t o c o c c a l  i d e n t i f i c a t i o n .  In t h i s  
u n i n o c u l a t e d  s l i d e  a  sm a l l  n u m b e r  of g r e e n  o b j e c t s  w e r e  
m i s t a k e n l y  i d e n t i f i e d  a s  l ive  s t r e p t o c o c c i ;  n o  m i s t a k e n  
iden t i f ica t ions  of d e a d  s t r e p to c o cc i  o c c u r r e d  in th is  or a ny  o ther  
u n in o c u la t e d  slide.
3 .2 .3  S T R E P T O C O C C A L  NUMBERS. In h o rse  A s t rep tococca l  
n u m b e r s  i n c r e a s e d  in all 3 exper im en ta l  ru n s  with a n  a v e r a g e  1.8 
fold in c r e a s e  in s t r ep tococca l  n u m b e r s  over  a  4 5  minute  period. In 
h o r s e  B s t r e p to c o c c a l  n u m b e r s  fell in all 3 e x p e r im e n ta l  runs  with 
a n  a v e r a g e  2 .7  fold reduc t ion  in s t r e p to c o c c a l  n u m b e r s  o v e r  th e  
s a m e  period.
3.2.4. NUMBERS O F  NEUTROPHILS. In th e  3 s u c c e s s iv e  runs, 
h o r s e  A blood yielded PMN c o u n ts  of 5100,  4920 ,  a n d  3 80 0  PMN/ul. 
H o rse  B yielded 4800 ,  6560,  a n d  4 6 0 0  PMN/ul.
3.2.3. DISCUSSION.
O v e r a l l ,  t h e s e  r e s u l t s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  
d i f f e r e n c e s  in t h e  ability of h o r s e  b lood to kill S zooepidem icus  
m a y  b e  a t t r ib u ta b le  to d i f f e r e n c e s  in p h a g o c y t o s i s .  S ign if ican t  
d i f f e r e n c e s  w e r e  d e m o n s t r a t e d  in t h e  abil i ty  of b lo o d  f rom  
d i f f e r e n t  h o r s e s  to  p h a g o c y t i z e  t h e  s a m e  i s o l a t e  of S 
zooepidem icus. In tracel lu lar  killing of p h a g o c y t i z e d  s t r e p to c o c c i
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F ig u re  3 . 1 -H o rs e  A buffy c o a t  a t  15 m in u te s  with minimal 
phagocytos is ,  G ie m s a  stain,  1000 X.
Figure 3 .2 -Horse  B buffy c o a t  a t  15 m inutes  with a g g re s s iv e  
phagocytos is .  G ie m s a  stain, 1000 X.
1 0 4
Figure 3 .3  (Overleaf)- C h a n g e s  in correc ted  phagocytic  index and  
t ransform ed killing index over time in h o r se s  A a n d  B.
T r a n s f o r m e d  killing index
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did not differ b e tw e e n  h o r s e s ,  but  th e  d e g r e e  of kilting a n d  
p h a g o cy to s i s  in c re ased  with time in both ho rse s .  Significant ho rse  
by t ime in te rac t ions  might b e  ex p la in ab le  by different  r a t e s  of 
p h a g o c y to s i s .
O v e r  th e  c o u r s e  of the  incubation ,  s t r e p to c o cc a l  n u m b e rs  
i n c r e a s e d  in h o r s e  A a n d  d e c r e a s e d  in h o r s e  B, para l le l ing  
d i f fe rences  in phagocyt ic  ability b e tw een  the  h o rse s .  T h ere  w a s  a  
4 .8  fold d i f fe rence ,  in th e  colony forming units  b e tw e e n  th e  2 
h o r s e s  o v e r  th e  incuba t ion  per iod ,  with a  va r ia t ion  of 3 0 %  
o b s e rv e d  b e tw een  runs.  The  3 .8  fold difference in the  phagocyt ic  
index b e tw e e n  th e  2 h o r s e s  falls within this  ran g e .  T h u s  the  
re la t ive  d i f fe ren c e s  b e tw e e n  the  h o r s e s  in s t r e p to c o cc a l  colony 
c o u n t s  a n d  p h a g o c y to s i s  w e r e  similar. W h en  p h a g o c y to s i s  w a s  
ad ju s ted  for s t rep tococcal  n u m b ers  a nd  PMN counts ,  the  correc ted  
p hagocy t ic  index s u g g e s t e d  a  13 fold superiority for p hag o cy to s i s  
for h o r s e  B. T hus  d i f fe ren ces  in p h a g o cy to s i s ,  b a s e d  on  t h e s e  
results ,  a r e  of sufficient m ag n i tu de  to a cc o u n t  for the  d i f fe rences  
in the  streptocidal  ability of blood from th e  2 ho rses .  Due  to the  
resu l ts  of our p rev ious  s tudy t h e s e  d i f fe rences  a r e  unlikely to be  
d u e  to inheren t  d e fe c t s  of h o r se  A's  neutrophils ,  but m ay  result  
from d if fe rences  in h e a t - s ta b le  fac tors  in p la sm a .
Neither  h o rse  a p p e a r e d  to be  super io r  in the  ability to kill 
p h a g o cy t i2 e d  s t rep tococc i .  In acr id ine  o r a n g e  s t a in e d  s l ides ,  no 
d ifference could b e  d e te c te d  be tw ee n  h o r s e  A a n d  h o rse  B in the  
proport ion of d e a d  to live bacter ia .  In fact, th e  killing indices for
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both h o r s e s  w e r e  rem a rk ab ly  similar (0 .34  for h o r s e  A a n d  0 .37  
for h o rse  B). Acridine o r a n g e  h a s  b e e n  u s e d  by o th e r s  to d e te rm ine  
viability a n d  killing of p h a g o c y t iz e d  b a c te r i a  in PM Ns (C h e u n g  e t  
al. 1985;  Horn, H a n s m a n n  a n d  Federl in  1985; P a n ta z is  a n d  Kniker 
1 9 7 9 ) .  At t h e  c o n c e n t r a t i o n  of a c r i d in e  o r a n g e  u s e d ,  only 
in t r a c e l lu l a r  (no t  e x t r a c e l lu l a r )  b a c t e r i a  w e r e  s t a i n e d  th ro u g h  
t r ap p in g  of th e  d y e  within t h e  PM N s;  in t race l lu la r  g r a n u l e s  of 
e o s in o ph i l s  s t a in e d  g re e n .
T h e  s ignif icant  h o r s e  by t ime in terac t ion in t h e  t r a n s fo rm e d  
killing index m ay  resu l t  from a  g r e a t e r  i n c r e a s e  in killing o v e r  
time in h o r s e  A th an  h o r s e  B. This a r i s e s  from significantly lower
lev e ls  of killing of s t r e p to c o c c i  in h o r s e  A a t  15 m in u te s  th an
h o r s e  B. This  may b e  b e c a u s e  s lower  p h a g o c y to s i s  of s t rep tococc i  
in h o r s e  A resu l ts  in recen t ly  in g e s te d  s t rep to co cc i  tha t  h a v e  not  
yet  b e e n  killed. More a g g re s s iv e  p h a g o c y to s i s  of h o r s e  B resu l ts  in 
e a r l ie r  p h a g o c y t o s i s  of s t r e p to c o c c i  a n d  a  g r e a t e r  p ropor t ion  of 
k i l led  s t r e p t o c o c c i  a t  15  m i n u t e s .  A s  t im e  e l a p s e s ,  t h e  
s t r e p to c o c c i  i n g e s t e d  by h o r s e  A h a v e  h a d  m o r e  t im e to b e  
i n g e s t e d  a n d  t h e  n u m b e r  of killed s t r e p to c o c c i  p ro p o r t io n a te ly  
i n c r e a s e s  rela t ive  to h o r s e  B. At 6 0  m inutes ,  t h e  killing index of 
h o rse  A e x c e e d e d  h o rse  B, a l though th e  m agn i tude  had  not r e a c h e d  
s ta t i s t ica l  s ig n i f ic an c e  (P  -  0 .1680) .
In conc lus ion ,  it a p p e a r s  th a t  th e  d i f fe ren c e s  in killing of S
zo o ep id em icu s  in h o r s e  b lood  is a  re su l t  of d i f feren t  r a t e s  of
p h a g o c y t o s i s .  In v iew  of t h e  r e s u l t s  of  p r e v i o u s  w ork ,  a
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r e a s o n a b l e  e x p la n a t io n  for d i f fe ren t  r a t e s  in th e  p h a g o c y t ic  
ability b e tw e e n  th e  2 h o r s e s  would b e  d i f fe ren c e s  in iso la te-  
spec i f ic  an t ibody .  This  is c o n s i s t e n t  with th e  c u r r e n t  working 
h y p o t h e s i s  th a t  u te r in e  i s o l a t e s  of $  zo o ep id em icu s  carry 
va r iab le  s u r f a c e  a n t ig e n s ,  an t ib o d ie s  to which lead  to effective 
opsoniza t ion  and  phagocy tos is .
CHAPTER 4
KILLING ABILITY OF PERIPHERAL BLOOD DOES NOT DETERMINE 
RESISTANCE TO STREPTOCOCCUS ZOOEPIDEMICUS INFECTION OF
THE EQUINE ENDOMETRIUM
Phagocy t ic  killing of invading s t rep tococc i  by neu trophi ls  is 
c o n s id e r e d  to b e  a  major  c o m p o n e n t  of e q u in e  uter ine  d e f e n s e s  
(Asbury, G orm an  a n d  Foster  1984; Asbury e t  al. 1982; C heun g  et  al. 
1985; P e te r s o n ,  McFeely a n d  David 1969; W ash b u rn  et  al. 1982). 
Following in t ra u te r in e  inocu la t ion  of i r r i tants  o r  s t r e p to c o c c i ,  
t h e r e  is a  rap id  in c r e a s e  in neu troph i ls ,  to ta l  p ro te in ,  s e r u m  
im m unog lobu l ins  a n d  p ro s ta g la n d in  E2 (PG E2)  in u te r ine  fluid 
(Pycock  a n d  Allen 1990; W a tso n  e t  al. 1987a ;  Will iamson et  at. 
1987). This  r e s p o n s e  a p p e a r s  to b e  typical of a c u te  inflammation 
in o ther  s i tes  in th e  horse  wherein se ru m  proteins a n d  neutrophils  
a r e  rapidly recru i ted  to the  si te  of inflammation from periphera l  
b lood (Higgins a n d  L ee s  1984). Although this  r e s p o n s e  strongly 
ind ica te s  th a t  p h a g o cy to s i s  is an  important  c o m p o n e n t  of uter ine  
d e f e n s e ,  it is uncer ta in  if impaired p h a g o cy to s is  is an  underlying 
c a u s e  of susceptibil ity to endom etr i t is  (H a n se n  a n d  Asbury  1987; 
LeBlanc et  al. 1991).
It w a s  previously show n th a t  h o r s e s  cons is ten t ly  differed in 
their ability to kill specific  u terine i so la tes  of S zooepidem icus  
in pe r iphe ra l  blood. S o m e  i so la te s  w e r e  ab le to  grow rapidly in 
b lood of s o m e  h o r s e s ,  but  w e re  killed in blood of o ther  ho rse s .  
K i l l ing  w a s  s h o w n  to  r e q u i r e  w h i t e  b l o o d  c e l l s ,
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p l u s  h e a t - l a b i l e  a n d  h e a t - s t a b l e  c o m p o n e n t s  of p l a s m a ,  
s u g g e s t i n g  t h a t  p h a g o c y t o s i s ,  c o m p l e m e n t  a n d  i s o la t e - s p e c i f i c  
a n t i b o d y  w e r e  r e q u i r e d  for killing. T h e  v a r i a t io n  in killing 
b e t w e e n  h o r s e s  w a s  ten ta t ive ly  a t t r ibu ted  to varia t ion in iso la te-  
s p e c i f i c  a n t i b o d y  in p e r i p h e r a l  b l o o d  b e t w e e n  h o r s e s .  
Streptococcus zooepidemicus  h a s  b e e n  show n by o th e rs  to display 
c o n s i d e r a b l e  g e n e t i c  a n d  a n t ig e n ic  va r ia t io n  b e t w e e n  i s o l a t e s  
(Moore a n d  B ryans  1969; Skjold e t  al. 1987; T imoney e t  al. 1991).
T h e  b a c te r i c id a l  activi ty of b lood ,  or d i r ec t  m e a s u r e m e n t s  of 
p h a g o c y to s i s ,  a r e  f requent ly  u s e d  to d e m o n s t r a t e  opso n iz in g  anti- 
s t r e p t o c o c c a l  a n t i b o d i e s  in s e r u m  ( F i s c h e t t i  e t  a l .  1 9 8 4 ;  
Lancefield 1957; Timoney e t  al. 1991; T imoney e t  al. 1995).
It is h y p o th e s iz e d  tha t  if p h a g o c y t ic  killing by b lood-der ived  
n e u t ro p h i l s  a n d  s e r u m  o p s o n i n s  is a n  im p or tan t  c o m p o n e n t  of 
u t e r in e  d e f e n s e ,  i so la te - sp ec i f ic  killing of s t r e p to c o c c i  in f re sh  
b lood  would b e  m a n i fe s te d  a s  e n h a n c e d  c l e a r a n c e  of th a t  isolate  
f o l lo w in g  i n t r a u t e r i n e  i n o c u l a t i o n .  H o r s e s  w e r e  t h e r e f o r e  
i n o c u la t e d  in t rau te r in e ly  to d e t e r m i n e  if a  r e l a t io n sh ip  e x i s t e d  
b e t w e e n  th e  bacter ic ida l  activity of f re sh  b lood  a n d  th e  ability to 
c le a r  in trauter ine  inocula  of S zooepidemicus.
4.1. MATERIALS AND METHODS.
4 .1 .1 .  OVERVIEW O F  EXPERIMENTAL INOCULATIONS. Four  
h o r s e s  r e c e i v e d  3 s e t s  of in t r a u te r in e  i n o c u la t io n s ,  with a  
d if ferent  u te r ine  i so la te  of S zooepidem icus  e a c h  t im e.  H o r s e s  
w e r e  first in o c u la t e d  with i so la te  S 2 - 1 ,  t h e n  S 2 - 2 ,  a n d  finally
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SZ-3.  After e a c h  inoculat ion h o r s e s  u n d e rw e n t  u te r ine  cu l tu re  and  
cyto logy a t  48  ho u rs  p o s t  inoculat ion (PI) a n d  a t  th e  first e s t r u s  
PI, a n d  w e r e  m o n i to r e d  for d e v e l o p m e n t  of u te r in e  fluid a n d  
v a g in a l  d i s c h a r g e .  E a c h  h o r s e  r e c e iv e d  e a c h  of th e  3 i so la te s ,  
e x c e p t  for h o r s e  D who w a s  only inocu la ted  with SZ-2  a n d  SZ-3.
T h e  ability of e a c h  isola te  to grow in the  blood of th e  h o r s e s  w a s  
d e t e r m i n e d  prior  to  inocula t ion ,  a n d  during  t h e  w e e k s  following 
in o c u l a t i o n .
4 .1 .2 .  H O R S E S .  Four  light b r e e d  m a r e s  w e r e  s e l e c t e d  for 
i n o c u la t io n  f rom  t h e  v e te r in a r y  t e a c h i n g  h e rd .  T h e  following 
s e le c t io n  cri ter ia  w e r e  u s e d :  no d e t e c t a b l e  a b n o rm a l i t i e s  of the  
r e p r o d u c t iv e  t r a c t  on  p a lp a t io n  per rectum , u l t r a s o n o g r a p h y  or  
v ag ina l  s p e c u l u m  e x a m in a t io n :  f r e e d o m  from p re -ex is t ing  u te r ine  
in fec t ion  b a s e d  on  u te r in e  c u l tu re  a n d  cy to logy ;  c o n v e n i e n t  
prof i les  of killing a n d  non-killing in pe r ip h e ra l  b lood  of ava i lab le  
u t e r in e  i so la te s .
4 .1 .3 .  ISOLATES. T h ree  u te r ine  i so la tes  of S zooepidemicus 
(SZ-1, SZ-2,  SZ-3),  all of which h a d  previous ly  d e m o n s t r a t e d  the  
ability to grow in b lood  of a t  l e a s t  1 h o r s e ,  w e r e  u s e d  in this  
s t u d y .  I s o l a t e  SZ-1 w a s  o r ig ina l ly  o b t a i n e d  f rom  a n o t h e r  
in s t i tu t io n  c o n d u c t i n g  r e s e a r c h  o n  e q u i n e  e n d o m e t r i t i s  (Dr 
Michel le  LeBlanc ,  University  of Florida, Gainesv i l le ) .  Iso la te  SZ-1 
h a d  b e e n  p a s s a g e d  for m ore  than  20 p a s s a g e s  in f resh  blood before  
inoculat ion .  Isola te  SZ -2  w a s  o b ta in e d  by u te r ine  cu l tu re  us ing  a  
s te r i l e  g u a r d e d  s w a b  from a  h o r s e  with clinical e n d o m e t r i t i s  in
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the  veter inary  teach ing  herd  (horse  D in this study). Isolate  SZ-2 
h ad  b e e n  p a s s a g e d  3 t im e s  in f resh  blood. Iso la te  SZ-3 w a s  
o b t a i n e d  from u te r in e  l a v a g e  fluid from a  cl inical  c a s e  of 
e n d o m e t r i t i s  p r e s e n t e d  to t h e  v e te r in a r y  t e a c h i n g  hosp i ta l .
Isolate SZ-3 had  b e e n  p a s s a g e d  4 t imes in fresh blood.
Isolates SZ-A, SZ-C a n d  SZ-D w e re  recovered  from h o rse s  A,
C, a n d  D respec t ive ly  a t  th e  first e s t r u s  p o s t  SZ-3 inoculation.
T h e s e  i so la tes  w e re  su b seq u e n t ly  t e s te d  for their ability to grow 
in b lood  of 5 h o r s e s  s e l e c t e d  a t  r an d o m  from th e  ve te r ina ry  
teaching  herd.  Isola tes  SZ-2 and  SZ-3 w ere  t e s te d  in blood of the  
s a m e  5 h o r s e s  a t  the  s a m e  t ime for c o m p a r is o n  (Table  4.3). 
P r e v io u s  r e s u l t s  ( C h a p te r  2, T a b le  2.2) h a d  in d ic a te d  th a t  
bacter ic ida l  t e s t s  in a  similar pane l  of h o r s e s  might b e  a b le  to 
identify a n d  dis t inguish b e tw ee n  isolates .  The pu rp o se  of studying 
iso la tes  SZ-A, SZ-C, and  SZ-D, in this way, w a s  to d e te rm in e  if 
t h e s e  iso la tes  w e re  the  s a m e  a s  the  isolate  originally inocula ted  
a t  th e  p rev ious  e s t ru s  (SZ-3).
4.1.4. PREPARATION OF HO RSES FOR INOCULATION Horses 
w e re  t e a s e d ,  pa lpa ted  a n d  exam ined  by rectal u l trasonography  3 or 
m ore  t im es  p e r  w eek  to a s s e s s  s t a g e  of the  e s t r o u s  cycle  and  
follicular deve lopm en t .  Negative  uterine cu l tu res  w e re  ob ta in ed  at  
th e  o n s e t  of e a c h  e s t r u s  in which  inocu la t ion  to o k  p la c e .  
Bac ter ic ida l  t e s t s  w e r e  r e p e a t e d  prior to e a c h  inoculat ion  to 
confirm killing or non-killing of the  iso la te  in blood of th e  horse  
to be  in trauterinely inoculated.
113
Inoculations o ccu r red  on s u c c e s s iv e  e s t ru s  periods ,  or with 
an  in te rvening  e s t r u s  b e tw e e n  inocu la t ions  if h o r s e s  w e re  still 
i n fec te d  a t  th e  first e s t r u s  PI. Following inocu la t ion  h o r s e s  
re tu rn ed  to the  first e s t ru s  PI naturally. The following cycle  w a s  
s o m e t i m e s  s h o r t e n e d  by in t r a m u s c u la r  injection of 10 mg of 
prostaglandin  F2 a lpha  (Lutalyse, The Upjohn Company,  Kalamazoo,  
Ml) to synchron ize  h o r se s  for s u b s e q u e n t  inoculat ions.
4.1.5. PREPARATION AND DELIVERY OF INOCULUM. Organisms 
w e re  grown in an overnight  culture in 1.5 ml of freshly ob ta ined  
blood of th e  horse  to be  infected. In c a s e s  w he re  the  h o r se  killed 
th e  o rgan ism  the buffy c o a t  w a s  rem o ved  from the  blood prior to 
inoculation of the  blood. Serial inoculation of blood w a s  performed 
a s  p r e v io u s ly  d e s c r i b e d ,  with m inor  m o d i f i c a t io n s .  Briefly, 
a liquots of 1.5 ml of f resh hepar in ized  blood from th e  h o r s e  to be  
in fec ted  w e r e  a d d e d  to 8 s ter i le  tu b e s .  T he  first t u b e  w a s  
inocu la ted  with 0 .0 2 5  ml of a  hem o ly zed  b lood cu l tu re  of the  
o rg an ism .  A vo lum e  of 0 .0 2 5  ml w a s  th en  withdrawn from the  
first tu b e  and  the  s a m e  vo lum e serially t ran s fe r red  from tub e  to 
tube,  a long the  remaining 7 tubes .  After incubation a t  35  C for 24 
h o u r s ,  t h e  t u b e s  b e in g  g e n t ly  r o t a t e d  e n d  o v e r  e n d  a t  
approximate ly  8 RPM, the tu b e  with the  m ost  dilute inoculum (last 
tu b e  of th e  inoculated  s e r ie s  to show  hemolysis)  w a s  u s e d  a s  a  
so u rc e  of o rg an ism s  for infection. B a se d  on colony co u n ts  of serial 
d i lu t ions ,  s u c h  a  tu b e  h a s  a  s t r e p to c o c c a l  c o n c e n t r a t i o n  of 
approxim ate ly  5 X 107 colony forming units (CFU) pe r  ml. This
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tu b e  of h e m o ly ze d  blood w a s  r e s u s p e n d e d  in 30 ml of s terile  
saline, a n d  u se d  for inoculation.
H o r s e s  w e r e  inocu la ted ,  in e s t r u s ,  in t h e  p r e s e n c e  of a  
preovula tory  do m inan t  follicle (> 35 mm in d iam eter) ,  followed by 
a dm in is t ra t ion  of 2 5 0 0  IU of h u m a n  chorion ic  g o n a d o t ro p h in  IV 
(HCG, Follutein, Solway Animal Health, Inc, Mendota  Heights , MN). 
The  inoculum w a s  del ivered  by direct  infusion into the  u te rus  via 
th e  cervix using  a  ster i le  infusion p ipet te .  Prior to inoculation, 
th e  vulva w a s  c l e a n e d  using  r e p e a t e d  app l ica t ions  of pov idone  
sc rub  a n d  c lean  water  from a  bucket  containing a  new plastic  liner 
for e a c h  horse .
4.1.6. ADDITIONAL MONITORING PO ST INOCULATION. Horses  
w e re  monitored daily for up to 5 d a y s  PI by ul trasound and  vaginal  
s p e c u lu m  e x am ina t io n  to d e te c t  t ime of ovulat ion,  u te r ine  fluid, 
a n d  c e r v ic a l  d i s c h a r g e .  B a c te r i c id a l  t e s t s  w e r e  p e r f o r m e d  
periodically (every 7 to 10 days)  for up to a  month PI to de te rmine  
if a  c h a n g e  in b a c te r i c id a l  t e s t  r e s u l t s  o c c u r r e d  following 
inoculation of a  given isolate.
4.1 .7 . CULTURE AND CYTOLOGY. S a m p le s  for uterine culture 
a n d  cytology w ere  ob ta ined  using a  sterile  g u a r d e d  s w a b  (Accu- 
m e d  Corporat ion,  Pleasantvil le ,  NY) in troduced into the  u te rus  via 
th e  cervix with a  ster i le  s l e e v e d  a rm  p la c e d  in th e  v a g in a  to 
provide digital g u id an c e  of th e  sw ab  through th e  cervix. T he  sw ab  
w a s  a d v a n c e d  out  of its plastic  gu a rd  a n d  e x p o s e d  directly to the  
u te r ine  lum en  for 30 s e c o n d s .  It w a s  th en  w ithdrawn into its
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plastic  guard ,  a n d  the  hollow e n d  of the  gu a rd  tip w a s  p u s h e d  back  
a n d  forth o v e r  th e  u te r ine  s u r f a c e  to ob ta in  end o m etr ia l  cel ls  a n d  
e x u d a t e  for cytology.  T h e  e n t i r e  cu l tu re t t e  w a s  th e n  c o m p le te ly  
withrawn from the  ho rse ,  a n d  th e  exter ior  of th e  g u a rd  wiped  with 
a  c le a n  p iece  of t i s su e  paper .  Uterine cells  a n d  e x u d a t e  w e re  then  
d i s lo d g e d  from th e  g u a r d  interior on to  a  g l a s s  s l ide  a n d  gen t ly  
s p r e a d  using th e  g u a rd  tip. T h e  cu l tu re t te  w a s  then  ta k e n  to the  
l a b o r a t o r y .
For cy to logy,  s m e a r s  w e re  s t a in e d  us ing  a  3 - s t e p  modif ied 
G i e m s a  s ta in  (L euk o s ta t  F i s ch e r  Scientific, O r a n g e b u r g ,  NY), T h e  
n u m b e r  of neutrophi ls  in the  s m e a r s  w a s  e s t im a te d  a s  the  p e rc e n t  
of neu troph i ls  in th e  total popula t ion  of cells  o b s e rv e d .  They  w ere  
s c o r e d  a s  follows. - -  no  n eu troph i ls  o b s e r v e d ;  + * n eu troph i ls  
o b s e r v e d ,  but  a t  a  proport ion of 10%  or l e s s ;  ++ -  10%  - 7 5 %  
neutrophils ;  +++ -  g r e a t e r  than  75%  neutrophils .
T he  cu l tu re t te  g u a rd  w a s  o p e n e d  using sterile  tech n iq ue ,  a n d  
th e  s w a b  rolled o v e r  o n e  half of a  b lood a g a r  plate. T he  o p p os i te  
half of th e  pla te  w a s  s t r e a k e d  for isolat ion of individual co lon ies .
B e ta  hemolyt ic  s t rep ococc i  (BHS) w e r e  s c o r e d  a s  follows: - ■ no 
g row th ;  + -  l e s s  t h a n  10 c o lo n i e s  (light g rowth) ;  ++ -  10-99  
c o lo n ie s  ( m o d e r a t e  growth);  +++ -  100 or  m o re  c o lo n ie s  (h ea v y  
g r o w th ) .
4 .1 . 8 .  B A C T E R IC ID A L  T E S T S .  B a c t e r i c i d a l  t e s t s  w e r e  
p e r fo rm ed  a s  previous ly  d e s c r ib e d .  Briefly, 5 t u b e s  con ta in ing  1.5 
ml of freshly o b ta in e d  h epar in ized  b lood of the  h o r s e  to b e  t e s t e d
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w e re  serially inoculated by adding  0 .025  ml of a  hem olyzed  fresh 
blood culture  into the  first tube ,  followed by t ransfe r  of 0 .025  ml 
serially b e tw e e n  the  remaining  tu b es .  This provided  a  s e r ie s  of 
t u b e s  of d e c r e a s in g  s t rep tococca l  concentra t ion .  A volume of 0 .05 
m! w a s  d raw n  from e a c h  of th e  las t  3 tu b e s  of the  inoculation 
se r i e s  a n d  w a s  s t r e a k e d  evenly  over  half of a  blood a g a r  plate, a  
different p la te  for e a c h  of the  3 tubes .  The inoculated tu b e s  were  
th e n  in c u b a te d  for 3 hours ,  ro ta te d  gen t ly  e n d  o v e r  e n d  at  
approximately  8 RPM, at  37 C. After incubation, a  0.05 ml aliquot 
w a s  d ra w n  from e a c h  tu b e ,  a n d  s t r e a k e d  e v en ly  o v e r  th e  
u n s t r e a k e d  half of the  plate  conta ining the  s t reak  from th e  s a m e  
tu b e  before  incubation. T he  3 p la tes  w ere  incubated  for 24 hours 
a n d  growth or killing in a  tube  w a s  a s s e s s e d  by com par ing  the  
n u m b er  of co lon ies  in the  s t reak  m a d e  before  incubation with the  
nu m b er  of co lonies  in the  s t reak  m a d e  after incubation.
4.1.9. ENDOMETRIAL BIOPSY. S a m p le s  of endometr ium were  
ta k e n  for b iopsy from all h o r s e s  prior to the  s tudy  a n d  after  all 
inoculat ions had  b e e n  comple ted .
4.2. RESULTS.
Overal l ,  t h e re  w a s  little co rre la t io n  b e tw e e n  bac te r ic id a l  
activity of b lood a n d  r e s i s t a n c e  or susceptib i l i ty  to endom etr i t is  
(T ab le  4 .1) .  In th e  first s e t  of inocu la t ions ,  h o r s e s  h a d  no 
b a c t e r i c i d a l  act iv i ty  a g a i n s t  SZ-1 in the i r  b lo o d  prior  to 
inoculat ion,  but  2 ou t  of 3 h o r s e s  h a d  a lm o s t  e l im in a ted  th e  
o rgan ism  by 48  hours ,  a n d  all 3 h o r s e s  had  c lea red  infection by
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the  next e s t ru s  PI. In the  s e co n d  se t  of inoculations, all h o r se s  had 
m a r k e d  b a c te r i c id a l  act ivity a g a i n s t  S Z -2  in b lo o d  prior  to 
inoculat ion, but  h o r se  C rem a ined  infected a t  th e  next  e s t r u s  PI. 
H o w eve r ,  in th e  third s e t  of inocu la t ions  s o m e  e v id e n c e  of 
c o r r e l a t i o n  b e t w e e n  b a c t e r i d a l  ac t iv i ty  a n d  r e s i s t a n c e  to 
endometr i t is  could be  s e e n .  Of the  4 h o r s e s  inoculated with SZ-3, 
th e  only h o rse  with bactericidal activity in her  blood, h o rse  D, had  
n o t ic e a b le  reduc t ion  in bac te r ia l  n u m b e r s  a t  4 6  h o u r s  PI. An 
iso la te  w a s  r e c o v e r e d  a t  t h e  nex t  e s t r u s  PI from this  h o r se .  
H ow ever ,  it h a d  a  b ac te r ic ida l  t e s t  profile  identical  to SZ-2. 
D e v e lo p m e n t  of bac ter ic ida l  activity in b lood to the  inocu la ted  
isolate  w a s  o b se rv e d  in 3 c a s e s  approximate ly  2 w e e k s  following 
inoculation. All of t h e s e  h o r s e s  w ere  m ark ed  by heavy  growth of 
the  isolate in uterine culture at  48  hours  PI.
Detailed desc r ip t ions  of th e  3 s e t s  of inoculat ions in e a c h  
h o rse  a r e  a s  follows.
4.2.1 . INOCULATION WITH SZ-1. H o rses  A, B, a n d  C w ere  
inoculated with SZ-1 at  a  d o s e  of 5 X 107 CFU. The  isolate  g rew in 
blood of all 3 h o r s e s  prior to inoculation.
Blood of h o r s e  A acq u i red  t h e  ability to kill i so la te  SZ-1 
following inoculation. H orse  A d e v e lo p ed  uterine fluid a n d  cervical  
d ischarge .  At 48 hours  PI uter ine culture of ho rse  A yielded heavy 
growth of BHS, but  l e s s  than  10% neutrophils .  At the  first e s t ru s  
PI uterine culture a n d  cytology of horse  A w ere  negative.
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T ab le  4 . 1 -Bacter ic idal  t e s t s  a n d  u te r ine  cu l tu re  resu l ts  following 
intrauterine inoculation of h o r s e s  A, B, C, a n d  D with iso la tes  SZ- 
1, SZ-2, an d  SZ-3______________________________________________






cu l tu re
F i r s t
e s t r u s
BT
A f t e r
SZ-1 A + +++ - •
SZ-1 B + - - +
SZ-1 C + + - +
S Z -2 A _ + _ _
S Z -2 B - + - -
SZ -2 C - +++ +++ -
S Z -2 D - - - -
S Z -3 A + +++ ++ +
S Z -3 B + +++ - •
S Z -3 C + +++ ++ •
S Z -3 D - ++ +++ -
B T -  Bactericidal  t e s t  result:  + -  growth; - -  killing 
‘ D e v e lo p e d  bactericidal  activity in b lood p o s t  inoculat ion 
B e f o re -  Before  inoculat ion;  A fte r-  After inoculation 
S e e  text for exp lana t ion  of uterine culture  resu l ts
Blood of h o rse  B did not  acqu i re  the  ability to kill isolate  
SZ-1. A t rac e  of uterine fluid w a s  o b se rv ed  in the  u terus  of horse  
B but  no cervical  d i s c h a r g e  w a s  o b s e r v e d  on  vaginal  sp e cu lu m  
examinat ion .  At 48  hours  PI uter ine culture  a n d  cytology of ho rse  
B w e r e  n e g a t iv e .  At th e  first e s t r u s  PI u te r in e  c u l tu re  a n d  
cytology of ho rse  B were  negative.
Blood of h o rse  C did not  acq u i re  the  ability to kill isolate 
SZ-1. H orse  C did not d eve lop  uterine fluid of cervical  d ischarge .  
At 4 8  hours  PI, uter ine culture  of h o r se  C yielded only 2 colonies
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of BHS, a n d  uterine cytology w a s  negat ive .  At th e  first e s t ru s  PI 
uterine culture  and  cytology of horse  C w ere  negative.
4.2.2. INOCULATION WITH SZ-2. H orses  A, B, C a n d  D were  
inoculated with isolate SZ-2 at  a  d o s e  of 5 X 107 CFU. The  isolate  
w a s  killed in the  blood of all 4 h o r s e s  prior to inoculation. Blood 
of th e  4 h o r s e s  re ta ined  th e  ability to kill SZ-2 after  inoculation. 
T he  4 h o rse s  dev e lo p ed  uterine fluid a n d  cervical d ischarge .
At 46  hours  PI uterine culture of horse  A yielded fewer than 
10 c o lo n i e s  of BHS, a n d  u te r in e  cy to logy  y ie ld ed  1 0 -7 5 %  
neutrophils .  At th e  first e s t r u s  PI u ter ine  culture  a n d  cytology of 
h o rse  A w ere  negative.
At 48  hours  PI uterine culture of ho rse  B yielded fewer  than 
10 colonies  of BHS, a n d  uterine  cytology w a s  negative . At th e  first 
e s t ru s  PI, uterine culture  an d  cytology of ho rse  B w ere  negative.
At 4 8  h o u rs  PI u ter ine  culture  of h o r se  C yielded heavy  
growth of BHS a n d  u ter ine  cytology yie lded  g r e a t e r  than  7 5 %  
neu troph i ls .  At th e  first e s t r u s  PI, u te r ine  cu l tu re  of h o r s e  C 
yielded heavy  growth of BHS a n d  uterine cytology yielded less  than 
10%  neutrophils .
At 48  hours  PI, uterine culture of ho rse  D w a s  negat ive ,  and  
u ter ine  cytology y ielded l e s s  th an  10%  neutrophils .  At the  first 
e s t ru s  PI uterine culture and  cytology of ho rse  D were  negative.
4.2.3. INOCULATION WITH SZ-3. H orses  A, B. C, and  D were  
inoculated  with isolate  SZ-3 a t  a  d o s e  of 5 X 10?  CFU. Prior to
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inoculat ion th e  isolate  g rew  in blood of h o r s e s  A, B a n d  C but w a s  
killed in blood of h o rse  D.
T a b l e  4 . 2 - C o m p a r i s o n  of  e n d o m e t r i a l  i n f l a m m a t i o n  
p a r a m e t e r s  ( u t e r i n e  c y to lo g y ,  u t e r in e  fluid or  c e r v i c a l  
d i s c h a r g e )  o b s e r v e d  in h o r s e s  A, B, C, a n d  D following 
in trau te r ine  inoculat ion with i so la te s  SZ-1,  SZ-2  a n d  SZ-3
I s o l a t e H o rse
Fluid or 





F i r s t
E s t r u s
SZ-1 A + + -
SZ-1 B + / - - -
SZ-1 C - - -
S Z - 2 A + ++ _
S Z - 2 B + - -
S Z - 2 C + +++ +
S Z - 2 D + + -
S Z - 3 A + +++ +
S Z - 3 B + +++ -
S Z - 3 C + +++ -
S Z - 3 D + + +++
* + -  Uterine  fluid a n d  d i s c h a r g e ;  - -  No u te r ine  fluid or 
d i s c h a r g e
+/- « T ra c e  of u ter ine  fluid but  no d i s c h a r g e  
S e e  text  for e x p la n a t ion  of u te r ine  cytology resu l ts
Blood of h o rse  A did not  c h a n g e  its ability to kill i sola te  SZ- 
3. H o rse  A d e v e l o p e d  u ter ine  fluid a n d  cerv ica l  d i s c h a rg e .  At 48  
h o u r s  FI u te r ine  cu l tu re  of h o r se  A yie lded h e av y  growth  of BHS 
a n d  u te r ine  cytology y ielded g r e a t e r  th an  7 5 %  neutrophi ls .  At the  
f irst  e s t r u s  PI, u t e r in e  c u l tu r e  of h o r s e  A y ie ld e d  m o d e r a t e  
g rowth of BHS (isolate SZ-A), a n d  l e s s  than  10%  neutrophils .
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Bfood of h o r s e  B acq u i red  th e  ability to kill iso la te  SZ-3 
following inoculation. H orse  B d e v e lo p ed  uterine fluid a n d  cervical  
d i scharge .  At 48 hours  PI uterine culture of h o rse  B yielded heavy 
growth  of BHS a n d  u ter ine  cytology yie lded  g r e a t e r  th an  75 %  
neutrophi ls .  At the  first e s t r u s  following inoculat ion ( the d ie s t ru s  
period  w a s  only 9 day s )  u ter ine  culture  and  cytology of h o rse  B 
w e r e  negat ive .
Blood of h o r s e  C a c q u i r e d  th e  ability to kill i so la te  SZ-3 
following inoculation. H orse  C d e v e lo p e d  uterine fluid and  cervical 
d ischarge .  At 48  hours  PI uter ine culture of ho r se  C yielded heavy 
growth of BHS a n d  uterine cytology g re a te r  than  75%  neutrophils .  
At the  first e s t r u s  PI u ter ine culture  yielded m o d e r a te  growth of 
BHS (isolate  SZ-C) but  uterine cytology w a s  negative.
Blood  of h o r s e  D, w h ich  killed t h e  i so la t e  pr ior to 
inoculat ion,  c o n t in u e d  to kill i so la te  SZ-3  following inoculat ion.  
H o r s e  D d e v e l o p e d  u ter ine  fluid a n d  cervicaf  d i s c h a rg e .  At 48 
ho u rs  PI u ter ine cul ture  yielded m o d e ra te  growth (32 colonies)  of 
BHS a n d  uterine cytology yielded le s s  than  10%  neutrophils .  At 
th e  first e s t r u s  PI u ter ine  culture  y ie lded h e av y  growth of BHS 
(isolate  SZ-D) a n d  g rea te r  than  75%  neutrophils .
W hen  growth of the  3 i so la tes  SZ-A, SZ-C, a n d  SZ-D w ere  
c o m p a r e d  to i so la te s  SZ-2  a n d  SZ-3 in b lood of 5 random ly  
s e l e c te d  h o r se s ,  SZ-A a n d  SZ-C h ad  th e  s a m e  bacter ic ida l  t e s t  
r e su l ts  a s  SZ-3, but  isola te  SZ-D h a d  th e  s a m e  resu l ts  a s  SZ-2 
(Table 4.3).
1 22
T a b le  4 .3 -B ac te r ic ida l  t e s t s  of i so la te s  SZ-2  a n d  SZ-3 
c o m p a r e d  with i so la te s  (SZ-A, SZ-C, SZ-D), r e c o v e re d  a t  
first e s t r u s  following SZ-3 inoculat ion,______________________
H orse* S Z -2 S Z -3 SZ-A SZ-C SZ-D
M - + + + -
N - + + + -
0 + / - + + + + / -
P - - - - -
Q - - - - -
‘H o rs e s  se l e c te d  a t  random  from veterinary teach ing  herd 
+ -  s t rep tococca l  n u m b e rs  consis ten t ly  in c re a se  
- -  s t rep tococca l  n u m b ers  consis ten t ly  d e c r e a s e  
+/- -  no c o ns is ten t  c h a n g e  in s t rep tococcal  n u m b ers
4 .2 .4 .  ENDOMETRIAL B IO P S IE S .  R e s u l t s  of e n d o m e tr ia l  
b iopsies  using the modified grading sy s te m  of Kenney (Kenney a n d  
Doig 1 9 8 6 )  w e r e  a s  fo l lo w s  for  e a c h  h o r s e  ( b e f o r e  
in o cu la t io ns /a f te r  inocula t ions) :  h o r s e  A-IIB/IIB; h o r s e  B-lll/lll;
h o r s e  C-IIA/IIB; h o r se  D-IIB/III. H o r s e s  which d r o p p e d  biopsy  
g r a d e s  o v e r  th e  e x p e r im e n ta l  per iod  did so  d u e  to i n c r e a s e d  
m o n o n u c l e a r  infiltration.
4.3. DISCUSSION.
Overall ,  t h e s e  d a t a  s u g g e s t  th a t  r e s i s t a n c e  of th e  e q u in e  
u t e r u s  to s t r e p to c o c c a l  infection is not  heavily  d e p e n d e n t  on 
c ircula t ing hum ora l  r e s p o n s e s ,  a s  m e a s u r e d  by the  bacter ic ida l  
activity of freshly o b ta in ed  e q u in e  blood. H o rs e s  in w h o s e  blood 
th e  o rg an ism  g row s  a p p e a r  to b e  c a p a b le  of achieving  effective
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c l e a r a n c e  of the  o rgan ism .  Similarly, h o r s e s  in w h o s e  blood the  
o rg an ism  is killed may be  su scep t ib le  to infection. N e v e r th e le ss ,  
s o m e  of th e  resu l ts  s u g g e s t  tha t  killing in peripheral  b lood may 
s ign ify  s o m e  a d d i t io n a l  p r o te c t io n  to in fec t ion  t h a t  is of 
a s s i s t a n c e  in rap id  c l e a r a n c e  of t h e  o r g a n i s m  im m e d ia te ly  
following inoculat ion .  Signif icant  d e t e r m i n a n t s  of r e s i s t a n c e  to 
infection,  which a p p a r e n t ly  o u tw e ig h e d  th e  b a c te r ic id a l  t e s t s ,  
m a y  r e s id e  in d i f f e r e n c e s  b e tw e e n  h o r s e s  a n d ,  in te res t ing ly ,  
d i f fe ren c e s  b e tw e e n  iso la tes .
Severa l  c a s e s  can  be  s e e n  w h e re  the  organ ism  grew  in fresh 
b lood of the  h o rse  but  w a s  n e v e r th e le s s  effectively c le a re d  from 
th e  uterus .  Isolate SZ-1 grew in blood of all h o r s e s  at th e  time of 
inoculat ion,  ye t  w a s  c le a re d  in all 3 inocu la t ions  by the  first 
e s t ru s  PI, a nd  a lm os t  c lea red  by 48 hours  PI in 2 of the  horses .  
C le a ra n c e  did not d e p e n d  on killing activity of f resh blood s ince  2 
of th e  3 in o cu la t io n s  in which SZ-1 w a s  c l e a r e d  w e r e  not  
a c c o m p a n i e d  by a  d e v e l o p m e n t  of b lood b a c te r ic id a l  activity. 
Horse  A did not deve lop  killing ability in blood to isolate SZ-3, but 
yielded nega t ive  uter ine culture and  cytology (da ta  not shown) a t  a  
s u b s e q u e n t  e s t ru s ,  without th e rap eu t ic  intervention.
E x am p les  a lso  exist w h e re  i so la tes  w e re  killed in b lood but 
p ro tec t ion  a g a i n s t  u te r ine  infection w a s  not ev id en t .  H o r s e  C 
c a r r i e d  i so la te  SZ-2  to the  first e s t r u s  PI, d e s p i t e  killing the  
o rg an ism  in her  blood.  In addit ion,  d e v e lo p m e n t  of bacter ic idal  
activity w a s  d e te c t e d  in ho rse  C to isolate  SZ-3 12 d a y s  PI, but
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t h e  o r g a n i s m  w a s  n e v e r t h e l e s s  i so la ted  from h e r  u t e r u s  a t  the  
s u b s e q u e n t  e s t r u s  (19 d a y s  PI).
H o w e v e r ,  s o m e  e v i d e n c e  s u g g e s t s  t h a t  killing of th e  
o r g a n i s m  m a y  p r o v i d e  s o m e  a d d i t i o n a l  p r o t e c t i o n  a g a i n s t  
in fec t ion ,  pa r t icu la r ly  in th e  im m e d ia te  p o s t  in ocu la t ion  p e r io d  
during  a n  a c u t e  inf lammatory  r e s p o n s e .  T h e  pr imary  e v id e n c e  for 
th is  c o m e s  from t h e  u te r ine  cu l tu re  a t  4 8  h o u r s  PI in th e  four 
h o r s e s  in fe c te d  with SZ -3 .  All h o r s e s  h a d  high  n u m b e r s  of 
in t rau te r ine  b a c t e r i a  a t  4 8  h o u r s  PI, e x c e p t  h o r s e  D, in which 
m ark e d ly  fe w e r  c o lo n ie s  w e r e  d e t e c t e d  a t  th is  t im e  a n d  which  
w a s  th e  only h o r s e  to kill t h e  o r g a n i s m  in f re sh  b lood  prior to 
inoculat ion. S tudying  th e  first e s t r u s  PI this p a t t e rn  a p p e a r s  to be 
s u s t a in e d .  In h o r s e  D, a l though  h e a v y  growth of s t rep to co cc i  w e re  
i so la ted  from the  u t e r u s  a t  t h e  s u b s e q e n t  e s t r u s  ( i so la te  SZ-D),  
th is  i s o la t e  did not  c o in c id e  with i s o la t e  S Z -3  in b a c te r i c id a l  
t e s t s .  In te re s t in g ly ,  it c o in c id e d  with i s o la t e  SZ -2 ,  a n  i so la te  
originally i so la ted  from h o r s e  D. However ,  h o r s e s  A a n d  C yielded 
i s o l a t e s  SZ-A a n d  SZ-C ,  bo th  of which  c o in c id e d  with SZ-3  in 
b ac te r ic ida l  t e s t s  (Table  4.3).  It is p o s s ib l e  th a t  h o r s e  A c a r r ied  
u ter ine  infection with SZ-3  to the  first e s t r u s  PI, bu t  tha t  h o r s e  D 
m a y  h a v e  r e t a in e d  i so la te  S Z -2  from th e  p r e v i o u s  inocula t ion .  
Al ternative ly ,  S Z -2  m a y  h a v e  b e e n  a  n a tu ra l  i n h a b i t a n t  of th e  
v e s t ib u le ,  vulva  or  clitoris in h o r s e  D, a n d  r e e n t e r e d  t h e  u te ru s  
during  th e  p r o c e d u r e s  in this  s tudy.  B e c a u s e  u te r ine  cytology of
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h o r s e  C w a s  n e g a t iv e ,  S Z -C  m a y  h a v e  o r i g in a t e d  from a n  
e x t r a u t e r in e  s o u r c e
Although  only 4 h o r s e s  w e r e  u s e d  in th is  s tu d y ,  ho r se - to -  
h o r s e  va r ia t io n  w a s  m in im ized  by r e p e a t i n g  in o c u la t io n s  within 
h o r s e s .  A signif icant  s o u r c e  of r a n d o m  error  might lie in different  
d u r a t i o n s  b e t w e e n  inocula t ion  a n d  th e  e n d  of th e  e s t r u s  p e r iod  
w h e n  u te r ine  d e f e n s e s  a re  tho u gh t  to lose  s o m e  e f f e c t i v e n e s s  a s  
p r o g e s t e r o n e  l e v e l s  i n c r e a s e .  T h i s  w a s  m i n i m i z e d  by  
ad m in is t r a t io n  of HCG in th e  p r e s e n c e  of a  p reo v u la to ry  follicle 
im m edia te ly  p o s t  inoculat ion to induce  ovulat ion.
W hy d o e s  s u c h  a  w e a k  re la t ionship  ex is t  b e tw e e n  killing in 
p e r ip h e ra l  b lood  a n d  th e  ability to c le a r  an  in t rau te r in e  inoculum 
of S zooepidemicus  ?  The  m ost  likely r e a s o n  for this is tha t  the re  
a r e  s o u r c e s  of va r ia t ion  b e t w e e n  h o r s e s  a n d  b e t w e e n  i s o l a t e s  
which o ve rr ide  th e  e v e n t s  m e a s u r e d  by the  bac te r ic ida l  tes t .  T he  
s o u r c e s  of v a r i a t io n  b e t w e e n  h o r s e s  h a v e  b e e n  e x t e n s i v e l y  
in v es t ig a te d  in th e  c o n te x t  of expla in ing  why s o m e  m a r e s  a p p e a r  
to b e  r e s i s t a n t  to endom etr i t i s ,  a n d  o t h e r s  a r e  su s c e p t ib le .  This  
varia t ion w a s  m o s t  ev iden t  in h o r s e  C, who a p p e a r e d  to b e  m o re  
s u s c e p t i b l e  to infection th an  th e  o th e r  3 h o r s e s ,  i r r e sp e c t iv e  of 
t h e  b a c t e r i c id a l  t e s t .  P r e v i o u s  i n o c u la t io n s  in th is  h o r s e  h a d  
c o n f i rm e d  h e r  i n c r e a s e d  suscep t ib i l i ty  to e n d o m etr i t i s .  Currently ,  
a n  a g e  re la te d  d e c l in e  in th e  m e c h a n ic a l  c l e a r a n c e  of fluid a n d  
p a r t i c l e s  a p p e a r s  to b e  t h e  m o s t  s ig n i f ic an t  s o u r c e  of s u c h  
varia t ion  b e tw e e n  m a r e s  (E v an s  e t  al. 1987;  LeBlanc ,  Asbury a n d
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Lyle 1989; LeBlanc et  al. 1994; T roedsson  and  Liu 1991; T roedsson  
a n d  Liu 1992). Bactericidal  a nd  opson ic  activity of e q u ine  uterine 
fluid h a v e  a l s o  b e e n  in v e s t ig a te d  a s  s o u r c e s  of va r ia t ion  in 
u te r ine  r e s i s t a n c e  b e tw e e n  m a r e s  (Asbury,  G o rm a n  a n d  Fos te r  
1984; Asbury et  al. 1982; C h e u n g  et  ai. 1985), but app ea r ,  overall,  
to b e  of les s  signif icance than  m echan ica l  c l e a r a n c e  (Allen 1993; 
H a n se n  a n d  Asbury 1987; LeBlanc et  al. 1991). The d a ta  con ta ined  
in this  p a p e r  would a lso  s u g g e s t  a  s e c o n d a r y  role for op so n ic  
activity of u ter ine  fluid. O p so n in s  a n d  leukocy tes  in the  acutely 
inflamed u te rus  a r e  largely der ived  from circulat ing blood (Pycock 
a n d  Allen 1990; W atso n  et  al. 1987a;  Williamson e t  al. 1987), but 
t h e s e  d a ta  show  that  the  bacter ic ida l  activity of b lood d o e s  not 
tightly c o r r e l a t e  with r e s i s t a n c e  to infection.  Addit ionally,  in 5 
clinical c a s e s  of endom etr i t is  (da ta  not  shown),  p r e s e n te d  to the  
L o u is ia n a  S t a t e  Univers i ty  t e a c h i n g  hosp i ta l ,  in which  he av y  
growth of S zooepidemicus w a s  cultured from th e  e q u in e  uterus,  
s t ro ng  bac ter ic ida l  activity w a s  d e t e c t e d  to th e  cu l tu red  iso la te  
in fresh blood d esp i te  ongoing infection.
How ever  t h e s e  d a t a  a l so  confirm that,  in m any c a s e s ,  the  
ability of th e  equ ine  u terus  to c lear  bac te r ia  from the  endometr ia l  
s u r f a c e  is im p re s s iv e  ( H u g h e s  a n d  Loy 1969) .  B e fo re  e a c h  
in o c u la t io n ,  n e g a t i v e  u t e r in e  c u l t u r e s  a n d  c y to l o g i e s  w e r e  
o b ta in e d  from e a c h  ho rse .  Following inoculat ion,  h o r s e s  y ie lded 
n e g a t i v e  u te r in e  c u l tu r e s  a n d  c y to lo g ie s  w i thou t  t h e r a p e u t i c  
i n t e r v e n t i o n .
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If u te r in e  i s o l a t e s  of S zooepidem icus  c a n  re s i s t  
p h a g o c y to s i s  but, a s  in th e  c a s e  of isolate  SZ-1, a re  effectively 
c le a re d  from the  u te rus ,  it would a p p e a r  th a t  m e c h a n i s m s  o ther  
th an  p h a g o c y to s i s  a r e  re s p o n s ib le  for their  c l e a r a n c e .  Phys ica l  
c l e a r a n c e  by myometr ia l  c o n t r a c t io n s ,  white n e c e s s a r y ,  would  
a lo n e  p ro b ab ly  not  b e  suff icient  to  a c h i e v e  c o m p le t e  u te r ine  
bacter io logic  c le a ra n c e .  Fluid having b e e n  rem ov ed ,  th e  m ucosa l  
s u r f a c e  itself would  still n e e d  to b e  c l e a r e d  of po ten t ia l ly  
a d h e r e n t  s t rep tococc i  (Ferreira-Dias,  Nequin a n d  King 1994a)  and  
inflammatory debris .  This  would s u g g e s t  th a t  b a c te r ia  a r e  killed 
a t  t h e  endom etr ia l  su r fa ce ,  or they a r e  physically  c le a r e d  from 
th e  e n d o m e t r iu m  by local m ic ro -ana tom ic  m e c h a n i s m s  or th a t  
both p r o c e s s e s  ac t  in conce r t .  Blocking of bacter ia l  a d h e r e n c e ,  
co up led  with m u co u s  c l e a r a n c e  m e c h a n i sm s ,  a r e  com m o n  th e m e s  
in r e s i s tan c e  to infection a t  m ucous  m e m b r a n e s  (Sleigh, Blake and  
Liron 1 9 8 8 ) .  T h e  e q u i n e  e n d o m e t r i u m  is v a r ia b ly  c i l i a ted  
(Ferreira-Dias,  Nequin a n d  King 1994b; Sa m u e l  e t  al. 1979), and  
m u c u s  product ion  is d e m o n s t r a b le  a t  the  endom etr ia l  su r fa c e  of 
th e  e s t ro u s  m are  (F reem an  et  al. 1990). This provides an  anatomic  
b a s i s  for mucocil iary c le a ra n c e ,  a l though su ch  c l e a r a n c e  h a s  yet 
to b e  d e m o n s t r a t e d  in the  e q u ine  u terus .  In addit ion,  e x te n s iv e  
e v id e n c e  a l r e ad y  e x is ts  to s u g g e s t  th a t  the  e q u in e  u te ru s  is a  
typical  m u c o s a l  im m u n e  s u r f a c e  (K e n n e y  a n d  K ha lee l  1975;  
Mitchell e t  al. 1982; W idders  e t  al. 1984;  W idders  e t  al. 1985a;  
W idders  e t  al. 1985b). In this study, only 3 se ro c o n v e r s io n s  w ere
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d o c u m e n t e d  following in trau te r ine  inoculat ion ,  a s  m e a s u r e d  by a  
c h a n g e  in bac te r ic ida l  t e s t s  in p e r ip h e ra l  b lood,  a l s o  s u g g e s t i n g  
th a t  th e  e n d o m e tr ia l  m u c o s a l  su r f a c e  is s o m e w h a t  i n d e p e n d e n t  of 
t h e  s y s t e m i c  im m u n e  s y s t e m .  B e c a u s e  t h e s e  s e r o c o n v e r s i o n s  
o c c u r re d  in c a s e s  w h e r e  high s t r e p to c o cc a l  growth w a s  o b s e r v e d ,  
o n e  might  a rg u e ,  cau t ious ly ,  th a t  m u c o s a l  r e s i s t a n c e  tem porar i ly  
h a d  b e e n  b r e a c h e d ,  a n d  th a t  s o m e  s y s t e m ic  e x p o s u r e  to th e  
o r g a n i s m  h a d  o c c u r re d .  This  might  h a v e  b e e n  fac i l i ta ted  during 
e n d o m e t r i a l  s c r a p i n g  for c y to lo g y  in t h e  p r e s e n c e  of h igh  
s t r e p to co cc i  a t  the  endom etr ia l  su r face .  A c o m p le t e  u n d e rs t a n d in g  
of how  bac te r io log ic  c l e a r a n c e  of t h e  u t e r u s  is a c h i e v e d  in th e  
r e s i s t a n t  m a r e  will r equ i re  fu r ther  s tudy .
Turning  from varia t ion b e tw e e n  h o r s e s  to varia t ion b e tw e e n  
i so la tes ,  t h e s e  d a t a  sh ow  tha t  i so la tes  of S zooepidemicus might 
va ry  in the ir  ability to p r o d u c e  d i s e a s e ,  u n re la te d  to the ir  ability 
to r e s i s t  p h a g o c y to s i s .  D i s e a s e ,  in e q u in e  e n d o m e tr i t i s ,  c a n  be  
clinically d e t e c t e d  a s  in f lam m at ion  of t h e  e n d o m e t r i a l  s u r f a c e  
(Asbury a n d  Lyle 1993;  Rosze l  a n d  F r e e m a n  1988).  In this  s tudy 
t h e  p r e s e n c e  of u t e r in e  fluid, c e rv ica l  d i s c h a r g e ,  a n d  u te r in e  
c y to lo g y  w e r e  t h e  p a r a m e t e r s  u s e d  to a s s e s s  e n d o m e t r i a l  
inf lammation (Table  4.3).  Overal l,  i so la te  SZ-1 a p p e a r e d  to induce  
only mild clinical s ig n s .  C o m p ar in g  SZ-1 with SZ-3,  isola te  SZ-3 
a p p e a r s  to induce  m arkedly  m o re  d i s e a s e  t h a n  SZ-1.  Originally a  
c linical  i so la te  f rom  a  h o r s e  with e q u i n e  e n d o m e t r i t i s ,  i so la t e  
SZ-1 h a d  a  history of ex te n s iv e  p a s s a g e  in freshly o b ta in e d  blood
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(m o re  th a n  2 0  p a s s a g e s )  in th is  s tu d y  b e fo r e  b e in g  u s e d  for 
in trau te r ine  inoculat ions .  In co n tra s t ,  i so la te s  SZ-2  a n d  SZ-3 h a d  
l e s s  t h a n  4 p a s s a g e s ,  but  t h e s e  la t te r  2 i s o l a t e s  p r o d u c e d  
c o n s i s t e n t  d i s e a s e  in th e  p o s t  inoculat ion per iod .  It is p o ss ib le ,  
t h o u g h  no t  c e r t a in ,  t h a t  t h e  abili ty to p r o d u c e  d i s e a s e  w a s  
a t t e n u a t e d  in SZ-1 by e x t e n s i v e  p a s s a g e  in f resh  b lood .  This  
s u g g e s t s  lo s s  of v i ru lence  f a c to r s  o th e r  th a n  t h o s e  con fe r r ing  
r e s i s t a n c e  to p h a g o c y t o s i s .  C a n d i d a t e s  for s u c h  f a c to r s  might  
i n c lu d e  p r o d u c t s  in d u c in g  a  h y p e r in f l a m m a to r y  r e s p o n s e ,  or 
e n h a n c in g  s t r e p to c o c c a l  a d h e r e n c e  to t h e  e n d o m e t r iu m  (Ferre i ra-  
Dias ,  N equ in  a n d  King 1 9 9 4 a ) .  E ffec ts  of r e p e a t e d  inocula t ion  
m ight  a l s o  a c c o u n t  for t h e  i n c r e a s e d  d i s e a s e  o b s e r v e d  a s  o n e  
p r o c e e d s  from SZ-1 to SZ -2  to SZ-3.  If so ,  this  r e p r e s e n t s  an  
ad d i t io n a l  s o u r c e  of va r ia t ion  which  o u tw e ig h s  t h e  b a c te r ic ida l  
t e s t .  N e v e r t h e l e s s ,  a c c o r d i n g  to a  p r e v i o u s  s tu d y ,  m ult ip le  
r e p e a t e d  in trau te r ine  inocu la t ions  in r e s i s t a n t  h o r s e s  do  no t  lead  
to i n c r e a s e d  suscep t ib i l i ty  to in t rau te r ine  in fec t ions  ( H u g h e s  a n d  
Loy 1969).
In conc lus ion ,  r e s i s t a n c e  to m u c o s a l  infection of t h e  e q u in e  
e n d o m e t r i u m  by S  zooepidemicus  is no t  highly c o r r e l a t e d  with 
th e  b a c t e r i c id a l  act ivi ty  of f r e s h  b lo o d ,  a l t h o u g h  s o m e  e f fec t  
a p p a re n t ly  m ay  b e  d e t e c t e d  in the  acu te ly  inflamed u te rus .  T h e s e  
r e s u l t s  m ay  not app ly  to s y s t e m ic  s t r e p to c o c c a l  infec t ions .  T h e  
d e sc r ip t iv e  n a tu re  of th is  s tudy  d o e s  not  allow firm in f e r e n c e s  to 
b e  d raw n,  but  s u g g e s t s  tha t  m u c o s a l  versus s y s te m ic  r e s i s t a n c e
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a n d  v i ru lence  d i f f e ren c e s  b e tw e e n  b a c te r i a  a r e  m ore  important  
d e te rm in a n ts  of d i s e a s e .
CHAPTER 5
THE POSSIBLE ROLE OF MUCUS IN PHYSICAL CLEARANCE AT THE
EQUINE ENDOMETRIUM
It w a s  p r e v io u s ly  s h o w n  t h a t  r e s i s t a n c e  to  e q u i n e  
e n d o m e t r i t i s  is i n d e p e n d e n t  of killing in f r e s h  e q u i n e  blood. 
H o r s e s  in w h o s e  b lood u te r ine  i so la te s  of S zooepidem icus  
multiply a r e  s o m e t im e s  a b le  to c le a r  infection within 48  hours.  
Similarly, killing in f re sh  b lood  is not  suff ic ient  to p ro tec t  a  
s u s c e p t i b l e  m a r e  from e n d o m e t r i a l  in fec t io n .  O v e ra l l  th is  
s u g g e s t s  a m o re  m inor  ro le ,  t h a n  p re v io u s ly  th o u g h t ,  for 
p h a g o c y to s i s  in c l e a r a n c e  of S zooepidemicus from the  equ ine  
en d om etr iu m .  This is su p p o r te d  by th e  poor  op son ic  activity of 
u ter ine  fluid in res i s tan t  an d  su s cep t ib le  m a r e s  in com par ison  to 
s e r u m  (Asbury, G o rm a n  a n d  F o s te r  1984; Brown, H a n s e n  a n d  
Asbury 1985; LeBlanc et  al. 1991).
In c o n t r a s t ,  r e s i s t a n c e  to e q u in e  end o m e tr i t i s  is s t rongly  
a s s o c i a t e d  with physical  c l e a r a n c e  of fluid a n d  part icles  from the 
u te rus  (E vans  et al. 1987; T roedsson  a n d  Liu 1991; T roedsson  and  
Liu 1992). Defects  in c le a r a n c e  may be  due ,  in part,  to defect ive  
myometria l  con trac t ions  (T ro ed sso n  e t  al. 1993; T r o e d s s o n  et al. 
1993). Delayed  uter ine  c l e a r a n c e  may p r e d i s p o s e  to endometr i t is ,  
in part,  by im pa irm ent  of neutrophil  funct ion or o p so n ic  activity 
d u e  to retention of a g e d  uter ine  fluid (T ro e d sso n  a n d  Liu 1992; 
T roedsson ,  Liu and  Thurmond 1993b).
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M ucus  is an  important  d e f e n s e  c o m p o n e n t  a t  m any  m ucosa l  
s u r f a c e s .  It bo th  b locks  a t t a c h m e n t  of m ic ro -o rg a n ism s  to the  
epithel ium, a n d  p ro m o te s  their  physical  c l e a r a n c e  (Sleigh, Blake 
a n d  Liron 1988). The  equ ine  endom etr ium  is c h a rac te r ized  by both 
m u c u s  p rod uc t ion  ( F r e e m a n  e t  al. 1990) ,  a n d  ciliary activity 
(F e r re i r a -D ia s ,  N equin  a n d  King 1994b ;  S a m u e l  e t  al. 1979).  
However, th e  role of mucociliary c le a r a n c e  from the  e q u in e  u terus 
h a s  not b e e n  s u g g e s t e d  or s tudied, a n d  may a cc o u n t  for much of 
t h e  r e s i s t a n c e  to e q u i n e  e n d o m e t r i t i s  by its co n tr ib u t io n  to 
physica l  c l e a r a n c e .  C h a rcoa l  h a s  b e e n  u s e d  to a s s e s s  physical  
c l e a r a n c e  from th e  e q u in e  u te rus  (Evans  e t  al. 1986; E v a n s  e t  al. 
1987).  A descr ip t ive  s tudy w a s  there fo re  perfo rm ed  to inves tigate  
th e  interaction of carbon  powder,  a  s u b s t a n c e  similar to charcoa l ,  
an d  m ucu s  a t  the  endometria l  surface .
5.1. MATERIALS AND METHODS.
5.1.1. EXPERIMENTAL OVERVIEW. Four h o r s e s  received  a  
s in g le  in t rau te r in e  infusion of c a r b o n  p o w d e r  (A m er ican  Norit 
C o m p an y ,  Atlanta, GA) s u s p e n d e d  in sa l ine  during e s t ru s .  At 4 
hours  a n d  4 8  hours  p os t  infusion h o r se s  were  ex am in ed  by vaginal 
specu lum  to a s s e s s  carbon  evacuat ion ,  a n d  s a m p le s  w ere  taken  for 
e n d o m e tr ia l  b iopsy  a n d  cytology. All s a m p l e s  w e r e  s t a in e d  for 
m u c u s  production.
5.1.2. H O R SE S.  Four adult  m a r e s  of light b re e d  with normal 
rep roduc t ive  o r g a n s  b a s e d  on  palpation,  u l t rasound ,  a n d  vaginal
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specu lum  examinat ion  w ere  u sed .  H o rses  a re  identified a s  W, X, Y 
and  Z.
5.1.3. PREPARATION O F  H O R SE S FOR INFUSION. Follicular 
ac t iv i ty  w a s  m o n i t o r e d  by t e a s i n g ,  r e c t a l  p a lp a t i o n  a n d  
u l t r a s o n o g r a p h y  3 t im e s  a  w eek .  H o r s e s  w e r e  in fu sed  during 
e s t ru s  in the  p r e s e n c e  of a  dom inant  follicle.
5 .1 .4 .  INFUSION. A c a rb o n  s u s p e n s i o n  w a s  p r e p a r e d  by 
su s p e n d in g  10 ml of carbon  powder  in 60  ml sterile  sa l ine .  After 
briefly shak ing  the  s u s p e n s io n  to d i s p e r s e  th e  carbon ,  50 ml w ere  
infused  into the  u te ru s  via a  sterile  fuse t te .  H o r s e s  w e r e  then  
p lac ed  in a  stall  until the  first sampling  at 4 hours ,  a f ter  which 
they  w ere  tu rned  out to pas ture .
5.1.5. VAGINAL SPECULUM EXAMINATION. Vaginal speculum 
exam inat ion  w a s  perform ed a t  4 hours  a n d  48  ho u rs  p o s t  infusion 
using a  c a r b o a r d  tu b e  m are  specu lum .  T he  vaginal  m u c o s a  and  
cervix  w e r e  e x a m i n e d  for p r e s e n c e  of c a r b o n ,  indicat ing  its 
e limination from th e  u terus .
5.1.6. ENDOMETRIAL CYTOLOGY AND BIOPSY. S a m p le s  for 
endometr ia l  cytology w ere  ob ta ined  a t  4 hours  a nd  48 ho u rs  pos t  
infusion of carbon .  Uterine ex u da te  w a s  s m e a r e d  onto a  slide, and  
immediate ly  fixed in 95 %  ethanol .  S a m p le s  for endom etr ia l  biopsy 
w e r e  o b ta in e d  by introduction of an  all igator typ e  m a re  uterine  
b iopsy  p u n c h  into th e  u terus  via th e  cervix, m a s s a g in g  a  dorsa l  
endometr ia l  fold into th e  jaw s of the  punch  per rectum, c losu re  of 
t h e  jaw s,  a n d  rem ova l  of a  small  p ie c e  of e n d o m e tr ia l  t i s su e
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(approximately 1.00 X 0.5 X 0 .25  cm). S a m p le s  were  fixed in zinc 
formal in  so lu t ion .  S l id e s  for both  cy to logy  a n d  b io p sy  w e re  
s t a in e d  for m u c u s  with B e s t ' s  m ucica rm ine .  M ucus  s t a in s  pink, 
chrom atin  black, a n d  protein yellow with this stain.
5.2. RESULTS.
Overall ,  the  resul ts  divided the  4 h o r s e s  into 2 pairs . O n e  
pair (h o rse s  X an d  Y), had  minimal endometr ia l  m u c u s  production 
visible on endom etr ia l  biopsy,  m arked  a d h e r e n c e  of c a rb on  to the  
endom etr ium , a n d  d e la y ed  uter ine c le a ra n ce  of carbon .  In th e  o ther  
pair  (h o rse s  W a n d  Z) ex tens ive  m ucus  production w a s  evident  on 
e n d o m e t r i a l  b iopsy .  No c a r b o n  w a s  o b s e r v e d  a d h e r in g  to th e  
e n d o m e t r iu m ,  a n d  u te r ine  c l e a r a n c e  of c a r b o n  a p p e a r e d  to b e  
e f f i c i e n t .
In endom etr ia l  b iop s ie s  4 hours  p o s t  infusion, c a rb o n  w a s  
s e e n  a d h e r i n g  to  th e  e n d o m e t r i a  lack ing  e p i th e l ia l  m u c u s  
product ion  of h o r s e s  X a n d  Y. The epi thel ium a p p e a r e d  to b e  
partially d i s ru p te d  w h e re  c a r b o n  w a s  bound .  Vaginal  s p e c u lu m  
exam inat ion  did not  reveal  c a rb o n  in the  vag ina  of t h e s e  2 h o r se s  
a t  4 hours  p o s t  infusion, indicating retention of c a rbon  within the  
u t e r u s .  At 4 8  h o u r s ,  e n d o m e t r i a l  b io psy  r e v e a l e d  c o n t in u e d  
a b s e n s e  of m u c u s  p ro d uc t io n  in h o r s e  X, a n d  very  s p a r s e  
production in h o rse  Y. No c a rbo n  w a s  ob se rv ed  in t h e s e  48  hours  
b io p s ie s ,  how ever ,  a n d  th e  epi thel ium a p p e a r e d  intact  in both 
h o r se s .  H o rse  X w a s  no tab le  in having a ccum u la ted  c a rbon  on the  
floor of he r  u terus  at  48  hours ,  an  u n ex p ec te d  finding d e te c te d  by
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u te r in e  u l t r a so u n d .  Her  u te r ine  cy to logy  w a s  a l s o  r e m a r k a b le  in 
revea l ing  a  thick yellow s ta ining e x u d a te .
Tab le  5 .1 -S u m m a r y  of r e su l ts  o b ta in e d  a t  4  h o u r s  a n d  4 8  hou rs





in v a g in a  + - - +
A d h e r e n c e
to luminal  + +
e p i t h e l i u m
M ucus + - - +
p r o d u c t i o n
48 HOURS
Mucus + - + / -  +
p r o d u c t i o n _______________________________________________________
C a r b o n  in v a g i n a  d e t e r m i n e d  by v a g i n a l  s p e c u l u m  
e x a m i n a t i o n
A d h e r e n c e  to  u t e r i n e  lum ina l  e p i t h e l i u m  a n d  m u c u s  
p roduc t ion  d e te r m in e d  from e n d o m e tr ia l  b iopsy
In c o n t r a s t ,  e n d o m e t r i a l  b i o p s i e s  w h ich  d i s p l a y e d  m u c u s  
product ion  a t  4  hours ,  in h o r s e s  W a n d  Z, h a d  no a d h e r e n c e  of 
c a rb o n  to the  luminal epithel ium. T h e s e  2 h o r s e s  a l so  h ad  ca rb o n  
in th e  v a g in a  a t  4  hours ,  indicat ing effec t ive  c l e a r a n c e  of c a rb o n  
from th e  u t e r u s .  In b i o p s i e s  a t  4 8  h o u r s ,  e x t e n s i v e  m u c u s  
product ion  w a s  ag a in  o b s e r v e d  in th e  e n d o m e tr iu m  of both h o r se s .  
At this  t im e  no c a rb o n  w a s  p re s e n t ,  a n d  th e  epithel ium a p p e a r e d
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Figure  5 .1 -H o rse  W 4 h o u r s  p o s t  c a rb o n  infusion. No c a rb o n  s e e n  
a d h er in g  to a n  e n d o m e t r iu m  with m u c u s  production.  400X.
Figure  5 .2 -H o rse  Y 4  ho u rs  p o s t  c a rb o n  infusion. C a rb o n  adher ing  
to a n  e n d o m e t r iu m  without m u c u s  production.  400X.
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intact.  H orse  W w a s  notable  in having a  u ter ine  cytology a t  48 
h o u r s  with n u m e r o u s  n e u t rop h i ls .  Many of t h e s e  n e u t ro p h i l s  
a p p e a r e d  to be  completely  covered  by a  thin c o a t  of mucus.
In co n tra s t  to th e  biopsy, no interact ion b e tw een  m u c u s  a n d  
c a rb o n  could  b e  d e te c t e d  on  uterine cytology. With th e  exception  
of the  neutrophilic cytology of h o rse  W, m u c u s  did not a p p e a r  to 
s ta in  well in u te r ine  cy to log ies .  C a rb o n  w a s  e v id e n t  in u te r ine
cytologies  in all m a r e s  a t  4 hours ,  a n d  greatly  r e d u c e d  or a b s e n t
at  4 8  hours .
Resu l ts  a re  su m m ar ized  in table  5.1.
5.3. DISCUSSION.
M u c u s  p r o t e c t s  m u c o s a l  s u r f a c e s  by inhibiting b a c te r ia l
a d h e r e n c e  a n d  providing a  c le a n s in g  flow p e rp e n d icu la r  to, a n d  
paralle l to, th e  epithelium (Sleigh, Blake a n d  Liron 1988). Mucus 
p r o d u c t i o n  a t  t h e  e q u i n e  e n d o m e t r i u m  w a s  o r ig in a l ly
d e m o n s t r a t e d  by F r e e m a n  ( F r e e m a n  e t  a l .  1 9 9 0 ) ,  w h o  
d e m o n s t r a t e d  its p ro d u c t io n  a t  t h e  luminal  s u r f a c e ,  b u t  its 
a p p a r e n t  a b s e n c e  from the  u te r ine  g la n d s .  S a m u e l ,  a n d  more  
recently Ferreira-Dias,  have  d e m o n s t r a t e d  the  p r e s e n c e  of cilia in 
no rm al  e q u in e  e n d o m e t r i a  us ing  s c a n n in g  e le c t ro n  m ic ro scop y  
(Ferreira-Dias,  Nequin and  King 1994b; S a m ue l  e t  al. 1979). Thus  
a n a t o m i c a l  r e q u i r e m e n t s  for mucocil ia ry  c l e r a r a n c e  a p p e a r  to 
e x i s t  a t  t h e  e n d o m e t r i u m  of t h e  m a r e .  T h is  poss ib i l i ty  is 
p a r t i c u l a r ly  c o m p e l l i n g  g i v e n  t h e  i m p o r t a n c e  of p h y s i c a l  
c l e a r a n c e  in e q u in e  uterine d e f e n s e s  (E vans  e t  al. 1986; E vans  e t
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al. 1 9 8 7 ;  T r o e d s s o n  a n d  Liu 1991 ;  T r o e d s s o n  a n d  Liu 1992 ;  
T r o e d s s o n  e t  al. 1993; T ro e d s s o n  e t  al. 1993).
B a s e d  on  th e  r e s u l t s  of this  sm al l  s tudy ,  a d h e r e n c e ,  a n d  
c l e a r a n c e  of c a r b o n  m ay  b e  c losely  re la ted  to en d o m e tr ia l  m u c u s  
p roduct ion .  C a rb o n  a d h e r e d  to e n d o m e t r i a  only in th e  a b s e n c e  of 
m u c u s ,  specifically to e n d o m e t r i a  lacking m u c u s  p roduct ion ,  or to 
a n y  cu t  s u r f a c e  on  a n  en d o m e tr ia l  b iopsy .  T he  2 h o r s e s  which 
p r o d u c e d  m u c u s  a t  the  e n d o m e t r i a l  s u r f a c e  a p p e a r e d  to h a v e  
sup e r io r  physica l  c l e a r a n c e  than  the  2  h o r s e s  which lacked  m u c u s  
production,  b a s e d  on arrival of ca rb o n  in th e  vag ina  a t  4  hours.
T h e  d i f fe ren c e s  in m u c u s  product ion  b e tw e e n  th e  2 pa irs  of 
h o r s e s  a p e a r e d  to b e  c o n s i s ten t ,  be ing  ev iden t  a t  4 h o u rs  a n d  48  
hours .  How ever ,  w h e th e r  this  is d u e  to a  t rue  d i f fe ren ce  b e tw e e n  
h o r s e s ,  slightly different  s t a g e s  of the  cyc le  or s o m e  o th e r  r e a s o n  
is unc lea r .
T h e  o b s e r v a t i o n  t h a t  m u c u s  c o a t s  n e u t r o p h i l s  w a s  
u n e x p e c t e d .  W h e th e r  th is  c o a t in g  is of funct ional  s ig n i f icance  is 
unknown.  However ,  it s e e m s  p laus ib le  tha t  it might c o m e  b e tw ee n  
o p s o n i n s  a n d  the i r  r e c e p t o r s  o n  t h e  n e u t ro p h i l .  T h is  m ig h t  
part ia l ly  e x p la in  t h e  p o o r  o p s o n i c  act ivi ty  of u t e r in e  fluid in 
c o m p a r is o n  to s e ru m  {Asbury, G o rm an  a n d  Fos te r  1984; LeBlanc  e t  
al. 1991).
R e s u l t s  of s u c h  a  sm al l  s tu d y  m u s t  b e  i n t e r p r e t e d  with 
c a u t i o n .  C u r r e n t  k n o w l e d g e  of e n d o m e t r i a l  a n a t o m y  a n d  
e n d o m e t r i t i s  is c o n s i s t e n t  with m u co c i l i a ry  c l e a r a n c e  a t  th e
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e q u i n e  e n d o m e t r i u m .  A l th o ug h  s u c h  c l e a r a n c e  h a s  no t  b e e n  
p re v io u s ly  p r o p o s e d ,  t h e s e  l imited r e s u l t s  p ro v id e  s u p p o r t  for 
su c h  c le a r a n c e .
CONCLUSION
T his  d i s s e r t a t io n  h a s  a t t e m p te d  to s h e d  s o m e  light on th e  
p a t h o g e n e s i s  of e q u i n e  e n d o m e t r i t i s  d u e  to S t r e p t o c o c c u s  
zooepidem icus. In th e  in troduction 3 q u e s t io n s  w e r e  p o s e d ,  to 
which w e  now c a n  offer s o m e  a n sw e rs .
T h e  first q u e s t io n  w a s  to a s k  if e q u in e  u te r ine  i s o l a t e s  of 
Streptococcus zooepidemicus a r e  an t iphagocyt ic .  Growth in f resh  
blood is the  c l a s s i c  d e m o n s t r a t i o n  of r e s i s t a n c e  to p h a g o c y to s i s  
of th e  g ro u p  A s t r e p to co cc i ,  a n d  S zooepidemicus  a p p e a r s  to 
b e h a v e  in h o r s e  b lo o d  e x a c t l y  a s  a n t i p h a g o c y t i c  g r o u p  A 
s t rep tococc i  b e h a v e  in h u m a n  blood. T h u s  it a p p e a r s  to b e  b e y o n d  
r e a s o n a b l e  d o u b t  tha t  a t  l eas t  s o m e  i so la te s  of S zooepidem icus  
a r e  an t ip h ag o c y t ic .
T h e  s e c o n d  q u e s t io n  w a s  to d e te r m in e  if u te r ine  i so la t e s  of 
S zoo ep id em icu s  carry  a  homolog of th e  g roup  A s t rep tococca l  M 
protein.  This q u e s t io n ,  s o  s im ple  to a sk ,  b e c o m e s  a c h a l l e n g e  to 
definitively  a n s w e r .  L a n c e f i e ld ’s  M p ro te in  is not  d e f in e d  a s  a  
s in g l e  en t i ty ,  b u t  a s  a  typ ing  s y s t e m  of m a n y  p r o t e i n s  all 
differing from e a c h  other . Thus ,  definitive proof of its p r e s e n c e  on 
S zooepidem icus  wou ld  r e q u i r e  2 s e q u e n t i a l  s t e p s :  first,  t h e  
d e v e l o p m e n t  of a  typing s y s t e m  th a t  mimics  L an ce f ie ld ’s; s e c o n d  
c o n f i r m a to r y  b i o c h e m ic a l  a n d  g e n e t i c  a n a l y s i s  of t h e  typ ing  
a n t i g e n .  T h is  first s t a g e  w a s  e s s e n t i a l l y  c o m p l e t e d  for  S  
zooepidemicus  by Moore  a n d  Bryans,  but  loss  of t h e  typing s e r a
1 4 0
141
h a s  p rev e n ted  complet ion of the  s e c o n d  s t a g e  by o th e rs  (Moore a n d  
B r y a n s  1969 ;  T im o n e y  e t  al. 199 5 ) .  But b e c a u s e  m an y  o th e r  
d i s t in c t iv e  f e a t u r e s  of M+ s t r e p t o c o c c i  a r e  s h a r e d  by  S  
z o o e p i d e m i c u s ,  th e  a r g u m e n t  for its e x i s t e n c e  on th e  lat ter  is 
r e a s o n a b l y  s t r o n g .  T h a t  e v i d e n c e  now  in c lu d e s  t h e  following. 
F irs t ,  S zo o ep id em icu s  i n f e c t io n  in h u m a n s  is c l in ica l ly  
i n d i s t in g u ish a b le  from g r o u p  A s t r e p to c o c c a l  in fec t ions .  S e c o n d ,  
g row th  a n d  killing of u te r in e  i s o l a t e s  of S zooepidem icus  in 
f resh  e q u in e  b lood c losely  mimics b e h a v io r  of M+ s t re p to c o c c i  in 
h u m a n  b l o o d .  T h is  i n c l u d e s  t h e  ab i l i ty  to d i f f e r e n t i a t e  
s t r e p to c o c c i  by th e  b a c te r ic id a l  t e s t ,  a n d  th e  r e q u i r e m e n t s  for 
s u c c e s s f u l  p h a g o c y to s i s .  This  b e h a v io r  is directly  a t t r ib u ta b le  to 
M p ro te in  in t h e  g r o u p  A s t r e p to c o c c i ,  s u g g e s t i n g  a  s im ila r  
ex p lan a t io n  for S zooepidemicus. Third, e lec t ron  m ic roscopy  of S 
zo o e p id em ic u s  r e v e a l s  a n  M pro te in- l ike  fuzzy  c o a t  t h a t  is 
partially lost from iso la te s  tha t  c a n  no  longer  grow in f resh  blood 
(ap p en d ix  1). Fourth,  s o m e  u te r ine  i so la t e s  of S zooepidem icus  
p o s s e s s  a n t i g e n s  which bind anti-M protein  m onoc lona l  a n t ib o d ie s  
( a p p e n d i x  2). Fifth, DNA of e q u i n e  u t e r i n e  i s o l a t e s  of S  
zooepidemicus is amplified by PC R pr imers  specif ic  for M protein 
subfamily 1 g e n e s  (append ix  3). However ,  n o n e  of this co n s t i tu te s  
proof of its e x i s te n ce  on  5  zooepidemicus
T h e  t h i r d  q u e s t i o n  w a s  to  i n v e s t i g a t e  if t h e s e  
a n t ip h ag o c y t ic  p rop e r t i e s  of S zooepidemicus  w e r e  of im p o r ta n c e  
in e q u in e  endometr i t is .  This w a s  a p p r o a c h e d  by using th e  variation
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in killing abil i ty  of b lo o d  of d i f f e r e n t  h o r s e s  to  c o m p a r e  
r e s i s t a n c e  to u te r ine  inoculat ion.  T h e  re s u l t s  s h o w e d  th a t  killing 
act ivi ty  of e q u i n e  f r e s h  b loo d  did not  s t r o n g ly  c o r r e l a t e  with 
r e s i s t a n c e  to e q u in e  end o m e tr i t i s .  T h is  is in m a r k e d  c o n t r a s t  to 
th e  s i tuat ion  in h u m a n  s t r e p to c o c c a l  d i s e a s e  w h e r e  p h a g o c y to s i s  
of th e  o rg an ism ,  m e a s u r e d  by killing in f resh  blood, p lays  a  major  
role  in protection.  Uterine  d e f e n s e s  of a  different  n a tu re  a p p e a r  to 
b e  involved in the  horse .
If u t e r in e  p h a g o c y t o s i s  is so  im pa i red ,  h o w  c a n  h o r s e s  
effec t ive ly  e l im in a te  s t r e p to c o c c i  f rom t h e  e n d o m e t r i a l  s u r f a c e ?  
P h y s ica l  c l e a r a n c e  is of m ajo r  im p o r ta n c e ,  bu t  c a n  m yom etr ia l  
c o n t r a c t i o n s  a l o n e  rid t h e  e n d o m e t r i a l  s u r f a c e  of a d h e r e n t  
b a c t e r i a ?  To s h e d  light on this q ue s t io n ,  the  in terac t ion of m u c u s  
a n d  c a rb o n  p o w d e r  a t  th e  endom etr ia l  s u r f a c e  w a s  s tudied ,  a n d  the  
limited d a t a  s u g g e s t  t h a t  e x t e n s i v e  m u c u s  s e c r e t io n  p r e v e n t s  
c a r b o n  a d h e r e n c e  to th e  e n d o m e t r iu m .  In addit ion ,  cilia a t  th e  
m u c o s a l  s u r f a c e  m ay  aid  m u c u s  flow a s  in th e  re sp i ra to ry  tract.  
T h u s  u te r in e  r e s i s t a n c e  to s t r e p to c o c c a l  infection m ay  b e  partly 
d u e  to mucocil iary c le a r a n c e .
G r o s s  a n a to m y  of th e  u te rus  a p p e a r s  well a d a p t e d  to suppor t  
m u co c i l i a ry  a c t io n .  E n d o m e t r i a l  folding e l i m i n a t e s  l a r g e  fluid 
s p a c e s  in t h e  u t e r u s ,  b r ing ing  o p p o s i t e  w a l l s  t o g e t h e r ,  a n d  
d e c r e a s i n g  t h e  d e p t h  of fluid o v e r  t h e  e n d o m e t r i a l  s u r f a c e ,  
improving  ciliary p e r f o r m a n c e  (K e n n e y  1978) .  F u r th e r  m ore ,  the  
e n d o m e tr ia l  fo lds  of th e  u te ru s  a r e  c o n t in u o u s  with th e  fo lds of
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t h e  cervix,  s u g g e s t i n g  c o n t in u o u s  t r a c k s  a lo n g  which  mater ia l  can  
b e  p rop e l led  ou t  of th e  u t e r u s  (Ginther  1992) .  In addit ion,  m any  
r e p o r t e d  d e f i c i e n c i e s  of th e  s u s c e p t i b l e  m a r e  m a y  b e  directly  
r e l a te d  to m ucocil iary  c l e a r a n c e .  T h e s e  include  a c c u m u la t io n  of 
fluid (Allen a n d  P y cock  1988;  E v a n s  e t  al. 1987;  L eB lanc  e t  al. 
1 9 9 4 ;  T r o e d s s o n  a n d  Liu 1992) ;  l o s s  of cilia (F e r r e i r a - D ia s ,  
N e q u in  a n d  King 1 9 9 4 b ) ;  l o s s  of e n d o m e t r i a l  fo lds  ( B ra c h e r ,  
M ath ias  a n d  Allen 1992);  de fec t iv e  physica l  c l e a r a n c e  of part ic les  
( E v a n s  e t  al. 1987;  T r o e d s s o n  a n d  Liu 1991). T hus ,  a t t e m p t s  to 
b e t t e r  u n d e r s t a n d  e q u i n e  e n d o m e t r i t i s  m ig h t  b e  well s p e n t  
fo cu s s in g  on the  role of m u c u s  a n d  cilia in u ter ine  d e f e n s e  a n d  
d i s e a s e .
In c lo s ing ,  I w ou ld  like to e m p h a s i z e  t h e  i m p o r t a n c e  of 
keep ing  up to d a te  with the  out  of d a t e  literature, in fac t  th e  more  
ou t  of d a t e  the  better .  Almost a  cen tu ry  ago ,  Metchnikoff sa id  the  
following in r e f e r e n c e  to r e s i s t a n c e  a t  m u c o s a l  s u r f a c e s :  "Nature  
d o e s  not  m a k e  u s e  of a n t i s e p t i c s  to p ro te c t  th e  skin a n d  th e  
m u c o u s  m e m b r a n e .  T h e  fluids which m o is ten  th e  s u r f a c e  of the  
mouth a n d  of o ther  m u c o u s  m e m b r a n e s  a re  not  microbicidal,  or a re  
s o  to a  ve ry  s l ight  d e g r e e ,  a n d  th en  r a th e r  of a n  e x c e p t io n a l  
na ture .  N a tu re  rids th e  m u c o u s  m e m b r a n e s  a n d  the  skin of a  large 
n u m b e r  of m i c r o - o r g a n i s m s ,  e l im in a t in g  t h e m  by e p i th e l i a l  
d e s q u a m a t i o n ,  a n d  expel l ing th e m  a long  with fluid s e c r e t io n s  a n d  
excre t ions .  Nature ,  like the  d o c to rs  of the  p r e s e n t  d a y  who  rep lace  
a n t i s e p s i s  of th e  mouth ,  in tes t ine ,  a n d  o th e r  o r g a n s  by w a sh in g
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with p u r e  p h y s io lo g ic a l  s a l i n e  so lu t io n ,  h a s  c h o s e n  th is  
m e c h a n ic a l  m e t h o d .” (Metchnikoff 1907)  Two th ings  m a k e  this 
q u o te  part icularly re levan t  to e q u in e  endom etr i t is .  First, uter ine  
l avage  with physiological  sa l ine  solution is tod ay  o n e  of the  few 
effec t ive  t r e a t m e n t s  for e q u in e  e n d o m e tr i t i s  ( T ro e d s s o n ,  Sco t t  
a n d  Liu 1995). Secondly ,  part  of Metchnikoff 's a rg u m e n t  is b a s e d  
on  work from o n e  of his  own s t u d e n t s ,  C a h a n e s c o ,  who  
inves t iga ted  the  bacter ic ida l  p rop e r t ie s  of m u c o u s  s e c r e t io n s  of 
th e  m a r e  gen i ta l  t rac t .  C a h a n e s c o  cou ld  not d e m o n s t r a t e  a n y  
bactericidal  p roper t ies  in m u cu s  collec ted from the  e q u in e  genital 
t rac t ,  d e s p i t e  plenty of n eu trop h i ls  in the  c o l lec ted  s e c r e t io n s  
( C a h a n e s c o  1901).  It is, there fo re ,  ra the r  perp lexing  to d iscover  
th a t  th e  major  c o n c lu s io n s  of th is  d i s se r ta t io n  w e re  p red ic ted  
a lm ost  100 ye a r s  ago.
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APPENDIX 1
T w elve  u te r ine  i s o l a t e s  of S trep tococcu s  zoo ep id em icu s  
w e r e  d i g e s t e d  by  p h a g e  lysin a n d  im m u n o b lo t t e d  with v a r io u s  
anti-M p ro te in  m o n o c lo n a l  a n d  po lyc lona l  s e r a .  Tw o i s o l a t e s  
r e a c t e d  with a n  anti -M6 m o n o c lo n a l  an t ibody .  T h e s e  2, a n d  an  
a d d i t io n a l  i so la te ,  r e a c t e d  with anti  M6 p o ly c lo n a l  s e r a .  All 
i so la te s  r e a c t e d  with polyclonal a n t i s e r a  a g a in s t  S z P ,  a  c lo n e d  M- 
like protein  of S  zooepidem icus. F igure  A.1 (overleaf)  s h o w s  an  
imrrtuno blot of o n e  of the  i so la te s  (UF-1), which r e a c t e d  with all 
3 a n t i s e r a .  T h e s e  r e s u l t s  p ro v id e  p r e s u m p t i v e  e v i d e n c e  for M 
protein on uter ine  iso la tes  of S zooepidemicus.
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F ig u re  A .1-M utano lys in  d ig e s t  of Streptococcus zooepidem icus, 
i s o la t e  UF-1 .  im u n o b lo t te d  with th e  following a n t i s e r a :  L a n e  A, 
to ta l  p ro te in  s ta in  with ind ia  ink; Jane  B m o n o c lo n a l  a n t ib o d y  
a g a i n s t  t y p e  6 M p ro te in  (V incent  Fischett i) ;  l a n e  C, po lyc lonal  
a n t ib o d y  a g a i n s t  t y p e  6 M p ro te in  (Vincent  Fische t t i ) ;  l a n e  D, 
p o ly c lo n a l  a n t ib o d y  a g a i n s t  M-like p r o te in s  of S t r e p t o c o c c u s  
zooepidem icus  ( John  Timoney).
APPENDIX 2
F igure  A .2 -R esu l t s  of s c r e e n in g  u te r ine  i so la te s  of S trep tococcu s  
zoo ep id em icu s  for th e  p r e s e n c e  of g ro u p  A s t r e p to c o c c a l  M 
protein subfamily 1 (SF-1)  g e n e s ,  (group A, type  6 s t r e p to c o c c a l  M 
protein is a  m e m b e r  of subfamily t . ) .  I so la te s  s c r e e n e d  w e r e  UF-1, 
10323 ,  H-1 a n d  H-2. Var ian ts  of t h e s e  Iso la tes  which h a d  lost the  
ability to g ro w  in f re sh  b lood  w e r e  a l s o  s c r e e n e d .  All i so la t e s  
p o s s e s s e d  a n  SF-1 like g e n e ,  however ,  i so la tes  which h ad  lost th e  
abil i ty  to  g r o w  in f r e s h  b lo o d  a p p e a r e d  to h a v e  g e n e t i c  
a l t e ra t io n s  in th e  p ro m o te r  region.
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Dept, of Veterinary Microbiology and Parasitology 
Louisiana State University 
Baton Rouge, LA 70820
Dear Dr. Causey,
I have finished the initial search for genetic evidence of emm 
and emm-like genes in your strains of S. zooepidemicus and am 
happy to report that there is an SFl-like gene. The mga gene is not 
like those normally found in front of SF1 genes, rather, it is more like 
the mga found in front of pattern 5 (SF4-SF2-SF3) strains, when it is 
present. There is also evidence for an ScpA-like gene in some strains 
but J haven't managed to get the whole gene out (yet1). Please see 
the enclosure for a quick summary' to date.
Susan will be available alter May 9 1*1 and please feel free to 
call me at any time with questions. I'm most easily reached between 
the hours of 7 a.m. and 3 p.m. at (205)934-5512. If you have any 
interest in sequencing the PCR products we would be happy to 
forward them to you.
Sincerelv,
Tern Readdy
T in I Divt, r>it\ nf AUKim* Himunph.in!.
mu, Al rtvim.i
APPENDIX 3
Uterine  i so la te s  of Streptococcus zooe p id emi cu s  w e re  
e x a m i n e d  e le c t ro n  m ic roscop ica l ly .  I s o la te s  w e r e  p re f ixed  in 
lysine, s ta ined  with alcian blue a n d  uranyl ace ta te .  F igures  A.3.1 
a n d  A.3.2. (overleaf) show that  S zooepidemicus p o s s e s s  a  fuzzy 
coa t ,  which may be partially lost in i so la tes  which can  no longer 
grow in f resh blood. However, a s  s e e n  from the  figure, i so la tes  
which d o  not grow in btood may retain s o m e  su r face  fimbrae,  in 
c o n t r a s t  to p u b l i s h e d  e le c t r o n  m ic r o g r a p h s  of M- g r o u p  A 
s t rep to co cc i  which a re  usually  non-fimbriated.
1 7 3
F ig u re  A.3.1 -Streptococcus zooepidem icus  i so la te  H-2 prior to 
p a s s a g e  on  articificial m ed ia  a n d  a b le  to grow in f resh  e q u in e  
blood. 61200  X.
Figure  A .3 .2 - lso la te  H-2 following ex te n s iv e  p a s s a g e  on  artificial 




Toi Dr. K u rt M atushok
A n eriean  V e te r in a ry  M adieal Aaaoo JWTVS if
1*31 P . N U C h U  M . ,  S u i t a  100 “ . / J
S c h a u n b u r* , XL *0173>43«0 «.*/■- '  ?»■- .V
AXi A n tip b a * e c y tic  p ro p o rtto o
« trop eo co eeu o  ao o ep id aa icu a  and n e c h a n itn c  o f  k i l l i n t  l a  
f r e s h ly  o b ta in e d  blood o f  h e re e e , A.C. Cauaey, D.L. 
PoeeaB O ntl, P . J .  Todd, A a .J . v « t .  P o o ., V ol. S<, Ko. 3 , Kerch
S o tt-if **» Mott 78T1 ^
o o o s s
P o  
IM S , pOV«0 311-33*. ---------------------- --
Door H r. KatuahoJti
X oa a p p ly in g  f o r  p a ra le s io n  to  In c lu d e  th e  above a r t i c l e  a s
a  c h a p te r  In  my Ph.D. d i e e e r t a t lo n .  I  In te n d  t o  in c lu d e  th e  t e a t
o f  th e  a r t i c l e ,  f l f u r e a ,  and t a b le a ,  v i t h  a  le v  fo rm a tt in g  changes 
t o  o e t lo f y  G raduate  School r o fu ire a o n to .
Xf you c o u ld  fa x  th e  l e t t e r  o f  p e ra lo o io n  t o  th e  fo llo w in g
nuabex X would t r e a t l y  a p p re c ia te  i t .
m i  foa-saa-STis
Yours e in e e x e ly ,
P o b e r t Cauaey
D ept, o f  V e te r in a ry  M icrobio logy  and P a r a a i to lo ty
sc h o o l o f  V a to r ln a ry  M edicine
L o u is ia n a  s t a t e  U n iv e rs i ty
B aton Boupe, XA 70*03
T o ll S04-3S*-3312
Oe cobar 24, 1)91
7*rai*»ion (Tantad, jrovidad that tha toancar. Journal of V attrinarv laaaareh 
la  c laa rly  crad ltad  aa tha aourca.
Ix l f r  £ ? *** •
U l t a r - l f C h l i f
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VI TA
Rober t  C a u s e y  w a s  born in H arrogate ,  Yorkshire, in 1961. His 
p a r e n t s  m o v ed  to the  United S t a t e s  in 1979,  a n d  h e  followed two 
y e a r s  later.  After obtaining his B.S. in 1985 ,  a n d  D.V.M. in 1989, 
bo th  from the  University of M inneso ta ,  h e  c a m e  to Lou is iana  S ta te  
U n iv e rs i ty  a s  a  r e s i d e n t  in T h e r i o g e n o l o g y .  T h is  e x p e r i e n c e  
p ro v id ed  him with the  in te res t  to p u r s u e  a  Ph.D. p ro g ram  in the  
D e p a r tm e n t  of Veter inary  Microbiology a n d  P a ra s i to lo gy  u n d e r  the  
direction of Dr. William J. Todd. Rober t  p lays  c la ss ica l  guitar,  a n d  
c u r ren t ly  t a k e s  g u i ta r  l e s s o n s  from P r o f e s s o r  E lias  Barre i ro  a t  
T u la n e  Universi ty.
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